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Abstract 
 
Composite materials are supplanting conventional metals in aerospace, automotive, civil and 
marine industries in recent times. This is mainly due to their high strength and light weight 
characteristics. But with all the advantages they have, they are prone to delamination or 
matrix cracking. These types of damage are often invisible and if undetected, could lead to 
appalling failures of structures. Although there are systems to detect such damage, the 
criticality assessment and prognosis of the damage is often more difficult to achieve. 
The research study conducted here primarily deals with the structural health monitoring of 
composite materials by analysing vibration signatures acquired from a laser vibrometer. The 
primary aim of the project is to develop a vibration based structural health monitoring (SHM) 
method for detecting flaws such as delamination within the composite beams. Secondly, the 
project emphasises on the method’s ability to recognise the location and severity of the 
damage within the structure. The system proposed relies on the examination of the 
displacement mode shapes acquired from the composite beams using the laser vibrometer and 
later processing them to curvature mode shapes for damage identification and 
characterization. Other identification techniques such as a C-scan has been applied to validate 
the location and size of the defects with the structures tested. The output from these plots 
enabled the successful identification of both the location and extent of damage within the 
structure with an accuracy of 96.5%.  
 
In addition to this, this project also introduces a method to experimentally compute the 
critical stress intensity factor, KIC for the composite beam. Based on this, a technique for 
extending the defect has been proposed and validated using concepts of fatigue and fracture 
mechanics. A composite specimen with a 40 mm wide delamination embedded within was 
loaded under fatigue conditions and extension of the defect by 4mm on either side of the 
specimen’s loading axis was achieved satisfactorily. The experimental procedure to extend 
the defect using fatigue was validated using the SLV system. Displacement and Curvature 
mode shapes were acquired post-fatigue crack extension. Upon analysing and comparing the 
displacement and curvature mode shapes before and after crack extension, the extended 
delamination was identified satisfactorily.  
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Chapter 1 
Introduction 
 
1.1 Background 
In recent times, a large number of composite structures are used with the Aerospace, 
Automobile and Marine industries. This is largely due to their excellent strength- weight 
ratio compared to metal or wood. Also, they have excellent corrosion resistance which 
makes them an ideal choice in harsh marine environment. This undoubtedly indicates the 
superiority of composite structures. However a composite structure has its own 
disadvantages. One of the foremost concerns linked to composites is the liability to impact 
damage during manufacture or maintenance. This may result in serious flaws within the 
composite such as a delamination or matrix or fibre cracking. Such damage could be 
imperceptible and result in severe degraded mechanical properties of the structure. The 
propagation of such a flaw could result in the final failure of the structure. Thus the problem 
of damage detection within composite structures is of continuing importance. 
 
1.2 Objectives and Rationale 
The aim of the research was the processing of the vibration signatures from healthy and 
damaged composite beams acquired with the help of a Scanning Laser Vibrometer (SLV) 
upon excitation and analysis of the mode shapes acquired for damage detection. The 
displacement mode shapes acquired were then converted into curvature mode shapes with 
the help of a Central Difference Approximation method (CDA). A major part of this project 
was to identify the dynamic responses from composites structures for damage detection, the 
pattern recognition techniques that could potentially be used to interpret the structural 
responses, and to determine a means of extracting the size and location of the damage from 
the responses. 
This research was a part of a large Cooperative Research Centre for Advanced Composite 
Structures (CRC-ACS) program on Structural Health Monitoring (SHM) of composite 
structures. This program comprised of researchers from the Royal Melbourne Institute of 
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Technology (RMIT) University, the Defence Science and Technology Organization (DSTO) 
Australia and Monash University. 
The key objective of this research was to develop a SHM technique to detect the presence of 
delamination, predict the location of the delamination and also the extent of the 
delamination within the composite structure using curvature mode shapes. Such detection 
techniques can prevent catastrophic failure modes early. Hence a lot of resources could 
potentially be saved using the outcomes of the proposed research in profuse fields. 
 
1.3 Methodology 
Initially a wide-ranging literature review was conducted on the various Structural Health 
Monitoring techniques, various measurable features of structural damage, and the various 
sensing techniques. After this comprehensive study, vibration based analysis was chosen as 
the best preference for assessing the state of the structure. 
Carbon-Epoxy beam specimens were then manufactured, at RMIT’s composite laboratory. 
These beams were embedded with artificial delamination and a Scanning Laser Vibrometer 
(SLV) was used as a sensor to obtain the dynamic responses while the structure was 
mechanically excited.  
A C-Scan was later conducted to validate the difference in dynamic responses between the 
healthy and the defect specimens, indicating the presence of delamination within the 
specimens.  
To identify the location and size of the defect, curvature mode shapes were acquired from 
the results from the SLV scan. These curvature mode shapes placed a snapshot into 
identifying the location and size of the delamination. 
Displacement mode shapes were acquired from the dynamic responses from the excited 
specimen. A distinct difference in the variation of dynamic responses was obtained between 
each of the defect specimens as compared to the assumed healthy specimen. This difference 
relates to the presence of damage. 
To extend the capability of the analysis to find the location as well as size of the defect, a 
curvature mode shape based analysis was proposed. Optimum resolution of the scan on the 
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specimen was obtained to acquire various parameters to determine the curvature mode shape 
for each of the modes of excitation for the specimens tested. 
Finally, the data from the curvature mode shapes was used to evaluate the location and size 
of the defect.  
 
1.4 Thesis Outline 
Chapter 1: Introduction 
This chapter presents a concise background of composites, the objective and rationale of the 
research pursued, the research methodology, an outline of the thesis and list of publications. 
Chapter 2: Literature Review:  Composites and Health Monitoring 
A comprehensive literature of the various types of Structural Health Monitoring techniques 
and the various types of structural responses that could be used for damage classification is 
presented. Additionally, this chapter gives a brief preface to composite structures and 
structural health monitoring. 
Chapter 3: Manufacture and Testing of Composite Beams 
This chapter discusses the methodology followed to manufacture Carbon-Epoxy beams 
embedded with delamination. An elaborate discussion of the sensor installation procedure is 
also discussed. The procedure involved in testing the plywood and composite beam 
specimens upon excitation with a mechanical actuator and the data acquisition process is 
then discussed. 
Chapter 4: Experimental Damage Extension 
This chapter includes an experimental approach which can be used to propagate the 
crack/delamination based on the ASTM E399-90 (1997) standard. A method has been 
proposed for experimentally extending the delamination for further analysis. The method 
proposed is based on using fatigue to propagate the delamination within the sample selected  
A pull-out test was conducted as part of the initial experimentation to find the maximum 
failure load of the sample with the delamination which was then used to compute the stress 
intensity factor KIC.  Kmax  was then estimated from the obtained value of KIC which was 
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used by researchers (Mehdizadeh et al., 2009) for propagating a delamination in a polymer 
using fatigue. 
Chapter 5: Conclusion 
This chapter finally presents a review of the outcomes of the work conducted in this study, 
followed by some suggestions for future work. 
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Chapter 2 
Literature Review:  Composites and Health Monitoring 
 
2.1 Introduction 
A composite is usually a constitution of two main materials: matrix and reinforcement. The 
reinforcements are generally stiffer than the matrix (Hull, 1996; Schwartz, 1996). The role 
of the matrix is classically to bind the reinforcements collectively, and transmit the load 
amongst the reinforcements. The matrix material selected can be ceramic, plastic or even a 
metal. Some commonly used matrix materials for manufacturing composites are Thermoset 
and Thermoplastic resins. Thermoset resins include epoxy, polyurethane, polyester, 
melamine, silicone etc. They by and large undergo a chemical cross-linking reaction 
(Schwartz, 1996; Mallick, 1988; Hull, 1996). Comparatively, thermoplastic resins include 
ABS, Acrylic, PVC, etc are formed under heat (Schwartz, 1996; Mallick, 1988; Hull, 1996). 
Reinforcements are generally classified under three main categories such as continuous 
reinforcements (fibres running through the structure having no discontinuities), 
discontinuous reinforcements (fibres being chopped and dispersed in the resin) and 
particulate reinforcements (fibres being shaped in the form of spheres, ellipsoids etc). Some 
of the commonly used fibre reinforcement materials within the various industries such as 
Aerospace, Automotive and Marine industries are Carbon/Graphite, Aramid, and Glass 
fibres (Schwartz, 1996; Mallick, 1988; Hull, 1996). 
Composites are usually manufactured in the form of plies, layers or lamina. A single ply 
consists of a layer of fabric oriented in a particular direction. A laminate can be defined as a 
stack of multiple plies in different directions. Composite properties best experienced when 
composites are loaded in the fabric direction. However, loading the other way round results 
the domination of matrix properties (Schwartz, 1996; Mallick, 1988; Hull, 1996).  
Carbon fibre can refer to carbon filament thread, or to felt or woven cloth made from those 
carbon filaments. By extension, it is also used informally to mean any composite material 
made with carbon filament. Carbon fibre is most notably used to reinforce composite 
materials, particularly the class of materials known as graphite reinforced plastic 
(speedace.info/composites). This class of materials is used in high-performance vehicles, 
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sporting equipment, and other demanding mechanical applications. The fibre diameter and 
length affect the mechanical properties of the composite structure. Hence the fibre diameter 
and the length are selected based on the manufacturing technique and application. 
  
2.2 Application of Composites 
Over the past few years a large number of composite structures have been utilized within the 
aerospace, automotive and commercial industries (Baker et al., 2004; Greene, 1998). A 
mixed material approach used in the BMW M6 sports car resulted in fairly significant mass 
savings in several areas (Figure 2.1) 
 
 
 
 
 
Figure 2.1: Composites in BMW M6 sports car (aei-online.org) 
Weight reduction was achieved in the M6 due to the selection of a thermoplastic for the side 
panels and trunk lid, carbon-fibre bumpers and roof. Commercial flights like, Boeing, Lear 
Fan 2100, Beech Starship and Airbus (Figure 2.2) used composites chiefly because it helped 
in the diminution of weight, greater than before fuel economy, reduced emissions, and 
reduced production and maintenance costs. 
Composites proved practical in industries (Mallick, 1988; Hull, 1996; Schwartz, 1996) 
largely due their wide useful temperature range, chemical resistance, thermal and electrical 
insulation and strength to weight ratio. Due to such properties they are widely used to 
manufacture pipes, bridge structures etc. 
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Figure 2.2: Composites in A380 airplane from Airbus (en.wikipedia.org) 
2.3 Call for Structural Health Monitoring 
Although fibre reinforced composites have numerous advantages, they also have 
disadvantages. These composites are prone to matrix cracking, fibre matrix debonding, 
delamination, fibre breakage and fibre-pull out (Hull, 1996; Schwartz, 1996). Delamination 
(Figure 2.3) is probably the most frequently occurring damage amongst composites.  
Figure 2.3: Delamination between layers of a composite 
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They are caused due to crack in matrix materials, separation of adjoining plies, broken 
fibres, imperfect bonding or fatigue loading of the structure (Zou et al., 2000). Delamination 
severely degrades the mechanical properties of the structures and if not detected in its infant 
stage, it could lead to appalling collapse of the structure. Hence the need for Structural 
Health Monitoring (SHM) has gained upmost importance.  
The process of data acquisition from sensors followed by validation of the acquired data and 
analysis for making informed decisions of life-cycle management is defined as Structural 
Health Monitoring (SHM) (Zou et al., 2000). SHM generally relates to an online monitoring 
system for damage detection where as for a periodic maintenance based inspection, 
conventional non-destructive testing techniques (NDT) are pursued. Health monitoring is 
done by placing suitable sensors or within the structure to measure various physical 
parameters sensitive to damage such as vibration, strain, acoustic emissions etc.  
An ideal real time health monitoring system should be capable not only for determining the 
presence and location of damage but also indicate the extent, criticality of the damage 
therefore predicting the remaining life of the structure. 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Characteristics of an ideal real time SHM system. 
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Different Non-Destructive Testing (NDT) techniques were researched upon to put together a 
system which is reliable, cost effective, sensitive and has a high operational speed.  NDT 
techniques such as Visual Inspection, Radiographic techniques, Ultrasonic techniques, 
Vibration techniques, Strain analysis techniques and Optical techniques are some of the 
examples. 
2.4 Visual Inspection 
The principle behind the applicability of this method is to visually observe the condition of 
the structure and make a judgement whether it is acceptable or un-acceptable while in 
comparison to a predefined criterion (Bray & McBride, 1992). Visual inspection is the 
easiest means when testing for superficial damage. The surface to be tested has to be 
cleaned and sand-blasted as part of the preparation prior. The major disadvantage with this 
technique is its incapability to detect sub-surface damage, which in turn is often more 
critical than surface damage. Liquid penetrant testing (Figure 2.5) is an old method used as a 
non-destructive technique.  The underlying principle behind this technique is that the 
presence of cracks in the surface of structures tends to draw in the penetrant by capillary 
action (Bray & McBride, 1992). The penetrant is generally applied to the specimen and 
excess penetrant removed after the crack draws in some as part of the test procedure. A 
developer / powder is then applied to the surface to draw the penetrant out from the cracks 
and thereby providing a contrasting background for damage indication.  
Figure 2.5: Steps involved in liquid penetrant testing (ultrandt.blogspot.com) 
The penetrants used are categorized as fluorescent penetrants or visible/dye penetrants (Bray 
& McBride, 1992).  In recent times, this technique was extended to identify sub-surface 
damage using a novel technique where one layer of hollow glass fibres were filled with 
uncured epoxy and ultraviolet dye; the other layer with a hardener/catalyst. The presence of 
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a defect at any stage would be evident when the specimen would be exposed to ultraviolet 
light and the novelty being the self healing property of the structure. The epoxy cures when 
in contact with the hardener during the occurrence of a defect there by preventing further 
propagation of the crack (Pang et al. 2005). The disadvantages of this technique are that it is 
not suitable for porous structures and is ideal only for superficial damage (Shull, 2002). 
Temperature and humidity also affect the sensitivity of this method. 
2.5 Strain Monitoring 
The presence of damage in structures alters the local strain distribution under structural 
loading due to changing load path (Galea et al., 2001; Li et al., 2004). Generally a large 
divergence from the anticipated strain value could possibly be hinting the presence of a 
defect. However it is difficult to estimate the strain values in larger structures due to multiple 
loading situations. Strain monitoring is an easy and direct method of assessing the structural 
condition. Various sensors are available for precise measurement of strain such as 
piezoelectric transducers, fibre-optic sensors (Figure 2.6) and strain gauges.  Strain 
monitoring is a localized technique which is capable of detecting local damage around the 
sensors only. Thus the location of the sensor is a critical characteristic in the applicability of 
this technique. The critical zones are generally obtained through tedious experimentation and 
intrinsic numerical analysis (Schmidt et al., 2004). Several researchers have made use of this 
technique for damage detection. Structural health monitoring of composite ship structures by 
strain based techniques has been conducted by Hersberg et al. (2005). 
 
Figure 2.6: Strain monitoring system using Fibre-Optics as sensors (ndt.net) 
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2.6 Optical NDT Techniques 
2.6.1 Holographic Interferometry 
An advanced form of photography that allows pictures to be recorded in three dimensions is 
Holography (Gryzagoridis, 1996). This particular science has the ability of recording both the 
amplitude and phase of light. On reconstruction, the resultant light field is identical to that 
which emanated from the original scene. To create a recording, holography uses a reference 
beam which is combined with the light from the object. Optical interference between the two 
beams produces a series of intensity fringes which are recorded on a standard photographic 
film. These fringes form a diffraction grating on the film, which is called a hologram. Once 
the film is processed and illuminated for a second time by the reference beam, diffraction 
from the fringe occurs and the film forms the object beam in both intensity and phase. 
Examination of the fringe patterns created when the wavefronts are reconstructed gives 
substantial quantity of information on the type and enormity of surface movements. The 
presence of damage in the structure causes a deviation in the surface displacement; this 
disturbs the fringe pattern which occurs as a consequence of image interference. Ambu et al. 
(2006) have documented the use of this procedure for impact damage detection in composite 
laminates. Gryzagoridis (1989) made use of both the techniques discussed for non-destructive 
testing of composites. He found the real-time Holographic Interferometry Technique to be 
far more time consuming than the former. A typical optical arrangement for holographic 
interferometry is shown in Figure 2.7. High cost as compared to other non-destructive 
testing techniques is a disadvantage. 
 
 
Figure 2.7: Typical Holographic Interferometry Setup (Gryzagoridis, 1989) 
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2.6.2 Laser Shearography 
Shearography technique involves qualitative judgment of fringe patterns created by video 
imaging of surface displacements illuminated by a coherent laser beam. Shearography 
provides full-field and non destructive testing for an express wide-field assessment of 
composites structures. Shearography (Hung and Taylor, 1997) as a full-field strain analysis 
method is based on the principle where coherent waves of light having dissimilar path lengths 
generate a fringe pattern whilst interference occurs. This fringe pattern represents changes in 
the out-of plane displacement derivative of the surface under test. This is mathematically 
expressed below: 
                                                    ∆׎ᇱ ൌ  ସగ
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Where: 
                   ∆׎ᇱ : Correlation Phase, 
                  d     : Out of plane displacement of the object due to the applied stress, 
                 ఋௗ
ఋ௫
     : Rate of displacement 
                  S     : Magnitude of image shear, 
                   ߣ     : Wavelength of laser beam 
 
The out of plane displacement is a representative of strain. The occurrence of defects in a 
structure leads to strain concentration when the structure is loaded, either during pressure or 
thermal excitation. Li et al., 2004 validated this along with other researchers. These strain 
concentrations shape fringe patterns which are then used to detect and analyse the defects. 
The correctness of the outcome depends on two factors. The technique used for stimulating 
the specimens and the image examination technique. During shearographic analysis, the test 
specimen is energized while it is illuminated by a laser beam. An image shearing Charge-
Coupled Device (CCD) camera is then used to acquire the displacements on the surface of the 
structure. The image which represents the strain signature is then stored in digital format for 
further processing. A typical representation of the laser shearography setup is shown in 
Figure 2.8. 
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Figure 2.8: Typical representation of laser shearography setup (ndt.uct.ac.za) 
 
2.7 Ultrasonic NDT Techniques 
 
2.7.1 Conventional Ultrasonic Methods 
Ultrasonic A, B or C (Mallick, 1988) scan involves the generation of an ultrasonic plot of the 
structure under study. The plot is generated by scanning the complete structure at regular 
intervals with a piezoelectric transducer. In the A-Scan procedure, output signal amplitudes 
are displayed against a time scale and the depths of various defect locations are judged from 
the position of the signal peaks on the time sweep. The B-Scan procedure scans the top and 
the bottom surfaces of a flaw, while the C-Scan procedure displays the plan view of the 
defect boundaries in the material. To scan, two sensor configurations namely the Through 
Transmission Method (Mallick, 1988) or a Pulse Echo Method (Mourtiz et al., 2000) can be 
used. Mourtiz et al. (2000) used the pulse echo ultrasonic technique for detecting fatigue 
cracks in thick composites. The ultrasonic scan technique is capable of detecting 
delamination, large voids, clusters of micro voids, and alien material. Conversely, this 
technique is time intense, as it involves line scanning of the entire structure, and also needs 
access to the complete structure under study, which is hard to achieve in a majority of cases 
(Bray &McBride, 1992; Shull, 2002).  Thus it is not an ideal online health monitoring 
system. 
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2.7.2 Acoustic Emissions 
Acoustic emissions can be defined as stress waves released in the acoustic spectrum as a 
result of deformation or fracture. This technique has been used as a diagnostic technique, to 
assist in understanding the mechanical behaviour of materials (Lee & Tsuda, 2005).It has also 
been used as a non destructive testing technique for assessing the structural reliability of 
structures and composites (Silva et al., 2005).  A schematic illustration of acoustic emission 
generation, detection and analysis for various test modes is shown in Figure 2.9 below. 
 
 
Figure 2.9: Schematic illustration of acoustic emission generation, detection and analysis 
(ir.misis.ru/English) 
 
The transmission of these stress waves through the structure is a multifarious process 
concerning; dissimilar wave types, mode conversion and reflection, attenuation and 
dispersion. The different types of waves observed in structures depending on the boundary 
conditions forced are; longitudinal waves, shear waves (Figure 2.10), surface waves, plate 
waves and rod waves (Rose, 1999).  
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Figure 2.10: Shear Waves in a composite laminate  
The properties of each of these waves differ based on the mechanical and micro structural 
properties of the structure. Bragg grating sensors (Lee & Tsuda, 2005) have been used to 
detect the acoustic emission activity in composites. The choice of the operating frequency 
depends on a few factors: the ambient noise level, the materials attenuation and the frequency 
characteristics of the source. An important factor to consider is the acoustic coupling between 
the sensor and the specimen (Summerscales, 1987). The presence of air in the interface 
between the sensor and the specimen tends to mirror the waves back into the specimen. It is 
therefore essential to use acoustic couplants such as resins, greases and oils to assist the stress 
wave propagation into the sensor from the specimen. The output from the sensor is then goes 
through a compound filtration procedure. Numerous researchers have reported the use of 
acoustic emission techniques for different purposes: Lee et al. (2005) have used Bragg 
grating sensors to detect acoustic emissions for mechanical property testing and damage 
detection purposes respectively. Silva et al. (2005) have tried to categorize the failure 
mechanisms that occur in GFRP’s when subjected to tensile and flexural loads based on 
acoustic emission analysis. A few disadvantages in using acoustic emission as a non 
destructive testing technique is that it requires complex processing and considerable notice 
needs to be paid to the purging of background noise. Due to the transient nature of acoustic 
emission, there is only one single occasion to capture a particular damage event when it 
occurs. Thus, the possibility of an event gone astray is elevated, predominantly if it is cloaked 
by acoustic emissions resulting from an impact or explosion. This technique is also not 
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suitable for complex structures, as multiple travel paths between sensor and source make 
signal identification difficult. 
 
2.7.3 Active Ultrasonics 
Active ultrasonic techniques surmount most of the disadvantages of the Acoustic Emission 
technique. As an alternative, this technique uses artificially generated ultrasonic stress waves 
such as lamb waves. Lamb waves are guided ultrasonic waves that can proliferate over a 
large distance in elastic plates, are dispersive and exhibit modal behaviour (Rose, 1999). The 
velocity and attenuation of the wave depend on the physical properties of the material 
through which it travels (Takeda et al., 2005). Since damage affects material properties, this 
offers an effective tool for structural health monitoring. Lamb waves are used to detect the 
damages in composites. These lamb waves are generated into the material. When there is a 
crack or damage, there would be a change in the velocity and the attenuation of the signal. 
Therefore this would aid in the structural health monitoring. The transmitted waves are 
singled out up by a piezoelectric or a fibre optic sensor. The waves received are then 
processed and compared with a healthy signal and variation in the amplitude ratio or arrival 
time of the signal is used to recognize and measure the damage. Takeda et al. (2005) made 
use of this method to measure damage. Active-ultrasonic techniques are not suitable for use 
with materials which have large attenuation properties, complex geometries and structures 
with tight cracks (Bray & McBride, 1992).  
 
2.8 Radiographic Techniques 
A two dimensional picture of the intensity distribution of a form of radiation such as X-ray, 
gamma ray etc. that has passed through the object (Figure 2.11). The structure attenuates the 
radiation according to the mass, type and size of the defects present (Bray & McBride, 1992; 
Shull, 2002). 
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Figure 2.11: Radiographic technique used for damage detection  
 
2.8.1 X-Ray Radiography 
X-ray radiography (Bray & McBride, 1992; Shull, 2002) can be used to identify fibre 
orientations, cracks, splice flaws, and crushed core. X-ray radiography will efficiently detect 
the occurrence of these defects as long as they are obscure to X-rays. For complex geometries 
which are difficult to examine ultrasonically, this technique can also be used. The 
fluoroscopic method is a means of real-time viewing of X-ray radiography. Composite 
materials, bonded plastics and moulded plastics have been tested using the fluoroscopic 
method. 
 
2.8.2 Gamma (γ) Radiography 
Gamma (γ) rays are highly penetrating radiation. The use of gamma radiography (Bray & 
McBride, 1992; Shull, 2002) has not been widely accepted due to issues with constant 
emission of this sort of extremely penetrative energy. Very similar to X-ray radiography, 
gamma rays obtained from radioactive isotopes are used for measuring properties such as 
fibre and resin content in composite structures.  
 
2.8.3 Radiographic Imaging 
Radiographic Imaging (Bray & McBride, 1992; Shull, 2002; Summerscales, 1987) is an 
expansion to the usual film based X-ray, gamma ray NDT techniques. By using the 
radiographic imaging techniques the flaw can be viewed in multiple angles i.e. it creates three 
dimensional images of the flaw. Also known as filmless radiographic technique, the images 
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created by this technique can be viewed on cathode ray tubes, liquid crystal displays or fed 
into the computer for further image processing. The various radiographic imaging techniques 
(Summerscales, 1987) include: Conventional Tomography, Analog Tomography, Multiple-
Film Projection, Film-Based Axial Tomography, Computerized Axial, Tomography, Scatter 
Tomography, Reconstructive Scatter Imaging of Compact Objects, Imaging by Nuclear 
Scattering, Stereo radiography and Parallax Image Method. The radiographic techniques 
(Summerscales, 1987) have a few major backdrops. Firstly, they need access to the whole test 
specimen, which is often difficult in most cases. Secondly, defect perpendicular to the rays 
are difficult to detect. Finally these techniques pose a health hazard due to the radiation 
emitted. 
 
2.9 Electrical Techniques 
Only applicable to carbon fibre based composites, as carbon fibres can operate as conductors 
when implanted in an insulating matrix. The underlying theory behind this method (Seo & 
Lee, 1999) is that the existence of any flaw results in a disparity to the electrical resistance 
under mechanical loading. A numerical model of an electrical resistor network in order to 
quantify the dependence of electrical resistance on mechanical fibre damage at the micro-
mechanical level was developed by Xia et al. (2003).The main drawback of the electrical 
NDT method is that it can be used to detect any flaw only if the structure under study is a 
conductor. Also, the diverse variations of composites materials do not favour the use of 
electrical constraint for characterising damage. This limits the applicability of this method. 
Another disadvantage is the involvement of complex processing to determine the location of 
the damage. 
 
2.10 Vibration based damage detection Techniques 
Vibration methods for non-destructive testing have been used for a long time. The damage is 
usually confined to a small area by comparing the dynamic response between damaged and 
undamaged/healthy structures. The vibrations are induced into the structure by means of 
piezoelectric actuators, electromagnetic hammers (Gibson, 2000), or ambient vibrations and 
piezoelectric sensors or accelerometers, strain gauges, (Lee et al., 2002) can be used to 
examine the dynamic structural response. Numerous techniques (Yan et al., 2007) have been 
trialled and researched for damage detection. In general, they can be classified as Traditional 
Type Damage Detection (TTDD) methods based on structural flexibility or stiffness, Modern 
Type Damage Detection techniques (MTDD) such as Artificial Neural Networks (ANN), 
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Wavelet Analysis (WA) and Genetic Algorithms (GA) and Model based damage detection 
techniques based on the dynamic response parameters examined such as: modal analysis, 
time domain analysis, frequency domain analysis and impedance domain analysis. Zou et al. 
(2000) have also published a comprehensive review of the different vibration techniques used 
for damage detection in composite structures. 
 
2.10.1 Traditional Type Damage Detection Techniques (TTDD) 
The traditional-type vibration-based damage detection method is primarily based on the 
natural vibration distinctiveness of the structures (Yan et al., 2007). The location and severity 
of the flaw can be determined through finding the variation of structural dynamic 
characteristics between the undamaged/healthy and damaged structures (Yam et al., 2003). It 
is a practical application Since any change of structural mass or stiffness matrix caused by 
structural mass or stiffness loss in the particular part of the structure will be reflected in the 
measured natural frequency and mode shape, it indicates the damage emergence in the 
structural system (when the measured data of the natural frequency or mode shape are 
different from those of the intact system) (Yan, 2004). Few TTDD methods can be briefly 
summarised as follows: 
 
2.10.1.1 Structural Flexibility or Stiffness 
The underlying principle of damage detection based on the change of flexibility matrix can be 
explained as follows. When the structural vibration modes satisfy the normalization 
condition, the flexibility matrix is a function of the mode shape and the reciprocal of natural 
frequency (Yan et al., 2007). Hence, the generation of high-frequency components in 
flexibility matrix will quickly diminish with the increase in natural frequency. Therefore, the 
flexibility matrix can be obtained with adequate accuracy by merely measuring several low-
order modes and frequencies. Based on the difference matrix of the flexibility matrixes before 
and after structural damage, the prevalent element value in each column can be found, and 
then the structural damage location can be ascertained by investigating the largest element 
value in each of the columns. Several researchers have paid attention to deducing localised 
flexibility characteristics from the experimentally determined global flexibility matrix, and 
present the fundamental theory that can be viewed as a generalised flexibility formulation in 
three different generalised coordinates, namely, localised or substructural displacement-basis, 
elemental deformation-basis and element strain-basis (Aoki, 2001). Generally, when some 
damage appears in a structure, a stiffness matrix can present more information than a mass 
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matrix (Yan et al., 2007). This method is applicable when there is a large damage within the 
structure. However, when the damage/flaw is very small, this method cannot work well. 
 
2.10.1.2   Natural Frequency 
In a realistic structure, the natural frequency is relatively easy to gauge and is independent of 
the measured position. By and large, the measurement accuracy of natural frequency is higher 
than that of mode shape or modal damping (Yan et al., 2007). Many researchers have used 
changes in structural natural frequency between defect and non defect specimens to be a sign 
of structural damage. Lee et al., (2000) have presented a technique of determining the 
structural damage location and size using natural frequencies. In this technique, firstly, the 
approximate crack location is obtained using Armon’s Rank-ordering method and the first 
four natural frequencies are used. Secondly, based on the result of the crack position range, a 
suitable Finite Element Model (FEM) is adopted and the crack size is determined by the 
FEM. Lastly, the definite crack location can be identified by Gudmundson’s equation using 
the determined crack size and the abovementioned natural frequencies. Another methodology 
to non-destructively locate and estimate the size of damage in structures using few natural 
frequencies was proposed by Kim et al., (2003). A damage-localisation algorithm to locate 
damage from changes in natural frequencies and a damage-sizing algorithm to estimate 
crack-size from natural frequency perturbation are formulated. The advantage of using the 
change of structural natural frequency to detect damage is its convenient measurement and 
high accuracy. However, the calculation of natural frequency cannot provide enough 
information for structural damage detection. Besides, the natural frequency is by and large in 
sensitive to initial damage in structures. Typically, this technique (Yan et al., 2007) can only 
establish the existence of large damage, but may not be able to give the damage location 
because the structural damage in different location may cause the same frequency change. 
 
2.10.2 Modern Type Damage Detection Techniques 
Modern type damage detection (Yan et al., 2007), also referred as intelligent damage 
diagnosis, is a method using online measured structural vibration responses to detect damage. 
These methods mainly take modern signal-processing techniques and Artificial Intelligence 
(AI) as tools for analysis. The structural dynamic response calculated by an online and non-
destructive technique may point towards the change of structural dynamic parameters at the 
damaged areas within the structure. The representative methods among them are Wavelet 
Analysis (WA), Artificial Neural Networks (ANN), Genetic Algorithms (Gas), etc. 
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2.10.2.1 Wavelet Analysis 
Using this technique, the energy distribution of the decomposed structural dynamic responses 
is processed using a Wavelet Analysis (WA) to extract features of structural damage. The 
energy of the dynamic response from a structure under study is compared with that of an 
intact/healthy structure. The occurrence of structural damage results either an increase or a 
decrease of some response signal components. Wavelet analysis is a localization method in 
the time and frequency domain. A continuous wavelet transform (Yan & Yam, 2004) of a 
function f (t) is defined mathematically as shown below: 
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Where ‘b’ is the translation parameter, ‘a’ is the scale parameter; f (t) is the function (signal) 
to be transformed, ψ (t) is the transforming function, Wf is the calculated wavelet coefficients, 
which can be used to recompose the original function f (t). Yan et al. (2004) have effectively 
made use of the vibration response energy dissimilarity and the wavelet signal processing 
tool to detect delamination in a composite plate. They have proved that this technique is 
capable of predicting a very small delamination within the composite plate.  
 
2.10.2.2 Artificial Neural Networks 
The NN (Yan et al., 2007) has been widely used in structural analysis for its strong non-linear 
mapping ability. It (Figure 2.12) is usually constructed by three layers, an input layer, a 
hidden layer and an output layer. Structural damage detection based on Neural Networks 
includes the following steps: to determine the network structure; to select the network 
parameters; to normalise the learning samples; to give initial weight value and to detect 
structural damage. Based on this concept, the constructed NN will be first trained as follows. 
The recognized feature information (NN input) and the corresponding status (NN output) of 
structural damage are taken as samples to train the constructed NN. This information to train 
the sample can be obtained by experiments or numerical simulations for the structure to be 
evaluated. When the NN has been well trained, one can input the experimentally measured 
real structural damage feature index into the trained NN, and the output of the trained NN 
will be able to give the location and severity of the structural damage.  Kao and Hung (2003) 
present a Neural Network based approach for detecting structural damage. The proposed 
approach involves two steps. The first step relating to system identification where the neural 
 42 
system identification networks (NSINs) are used to identify the undamaged and damaged 
status of a structural system. The second step being structural damage detection, the 
abovementioned trained NSINs are used to generate free vibration responses with the same 
initial condition or impulsive force. Comparing the periods and amplitudes of the free 
vibration responses of the damaged and undamaged statuses allows the extent of changes to 
be assessed. NN and GA techniques are very important areas under vibration-based structural 
damage detection because the location and variety of structural damage can be identified 
using these techniques, and many results on this area have been obtained (Yan et al., 2007).  
 
 
Figure 2.12: Neural Network for identification of multiple crack parameters 
   (Yam et al., 2003) 
2.10.2.3 Alternate Signal Processing – Genetic Algorithm (GA) 
GA is a powerful universal tool to solve optimisation problem. In structural damage 
detection, it is suitable to use GA to ascertain the damage locations (Yam et al., 2003). The 
encoding operation of GA ensures that it can fully use the information in every set of 
solutions in iteration. Meanwhile, GA has high computation efficiency in parallel data 
processing, and it can search for agminate solutions simultaneously. Thus, it is possible to 
obtain the global optimum solution. A two-stage procedure has been proposed by Moslem & 
Nafaspour (2002) utilising incomplete measurements to detect the location and extent of 
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structural damage. In the first stage, the candidate damaged elements are identified using the 
residual force method. Based on a prior knowledge from the first stage, the damage extent is 
determined from candidate elements using a proposed optimisation scheme based on the 
method of simulated evolution. Chou & Ghaboussi (2001) have proposed a method of 
structural damage detection by the use of GA. Static measurements of displacements at few 
degrees of freedom (DOFs) are used to identify the changes of characteristic properties of 
structural members, such as Young’s modulus and cross-sectional area, which are indicated 
by the difference of measured and computed structural responses. In order to avoid structural 
analyses in fitness evaluation, the displacements at unmeasured DOFs are also determined by 
GA. Unlike the traditional mathematical methods, which guide the direction of hill climbing 
by the derivatives of objective functions, GA searches the problem domain by the objective 
function itself at multiple points. The proposed method is able to detect the approximate 
location of the damage, even when practical considerations limit the number of on-site 
measurements to only a few. All these methodologies have revealed the feasibility and some 
special advantages in structural damage detection based on structural dynamics.  
 
2.10.3 Model Based Damage Detection Techniques (MBDD) 
2.10.3.1 Modal Analysis 
Modal analysis is based on the principle that modal parameters are functions of the physical 
properties (i.e., mass, damping and stiffness) of the structure. The modal parameters used in 
this method are: modal frequencies, modal damping ratio and mode shapes. The beginning of 
damage usually reduces the local stiffness and increases the local damping ratio within the 
structure. Damping ratio is mainly sensitive to damage followed by natural frequency 
(Summerscales, 1987). However, damping is not easy to measure precisely. The damping 
factor can be a good indicator of damage for higher modes of vibration (Gibson, 2000). 
However the vibration tests were conducted in vacuum to improve the accuracy. Modal 
analysis is based on the fact that damage reduces the dynamic stiffness of a structure which in 
sequence results in the reduction of the resonant natural frequencies. Thus the measurement 
of resonant frequencies of a structure presents the opportunity of detecting the presence of 
damage. Diaz et al. (1999) have proposed a technique to determine the occurrence of 
delamination in composite laminates by analysing and comparing the natural frequencies of a 
damaged and healthy structure. For local response higher frequency modes are captured 
whereas for global response lower-frequency modes are captured (Diaz et al., 1999). 
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Occurrence of damage also results in dissimilarity to the mode shapes. Qu et al. (2006) have 
recommended a local method to situate the occurrence of delamination using mode shapes. 
 
2.10.3.2 Euler-Bernoulli Beam Equation and Heaviside Step Function  
The analytical relationship is developed based on Euler–Bernoulli beam theory, and the 
governing equation for beam in vibration can be expressed as  
ߜଶ
ߜݔଶ
ቈܧܫሺݔሻ
ߜଶ
ߜݔଶ
ሼܹሺݔ, ݐሻሽ቉ ൅ ݉ሺݔሻ
ߜଶ
ߜݐଶ
ሼܹሺݔ, ݐሻሽ ൌ 0 
                                                          (3.0) 
Where,  
EI(x) is the bending stiffness distribution of the beam,  
m(x) is the mass distribution of the beam per unit length along the x-axis,  
W(x,t) is the displacement of the beam as a function of the location (x) and time (t). 
 Lestari and Hanagud (Lestari, 2001) have extended this relation onto a thin composite plate 
using a Heaviside step function to address the extent of damage in the panel. The authors 
found the effect of the neutral axis changes due to the damage and assumed it to be 
negligible. The stiffness loss factor was introduced in the model as a measure of the extent 
of the damage presence in the structures. This factor represents equivalent bending stiffness 
loss in the damaged area, which can be caused by a combination of several factors. Some of 
the parameters which might include changes in the second moment of inertia, material loss 
due to damage, friction or contact effects between delaminated part and primary part for 
delamination case (Hamey et al., 2004). By assuming ξ is the stiffness loss parameter at the 
location of damage, the effect of damage on the stiffness distribution of the beam was 
expressed as 
 
ܧܫௗሺݔሻ ൌ ܧܫ଴ሼ1 െ ߝሾܪሺݔ െ ݔଵሻ െ ܪሺݔ െ ݔଶሻሿሽ 
           (3.1) 
Where, 
 H is a Heaviside step function 
 ܧܫ଴ is the bending stiffness of the undamaged structure 
 ݔଵ and ݔଶ are the beginning and the end of damage area, respectively as shown in Figure 
2.13. 
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Figure 2.13: Details of damage region   
(Lestari, 2001) 
 
The derivation of mathematical relationship of highly localized or notched type of damage 
could be found in the previous work by one of the authors (Lestari, 2001).  
 
2.10.3.3 Frequency Domain 
The frequency responses acquired by vibration testing of composite structures can used to 
detect and localize damage (Zou et al., 2000). The principle behind this set of methods is that 
damage produces a decrease in structural stiffness, which, in sequence decreases the natural 
frequency. Frequency response function (FRF) based damage identification needs inputs 
from only a few sensors located on the structure. Damage is detected using vibration 
responses, and identified by comparing acquired responses before and after damage. The size 
of the delamination is estimated by changes in the peaks and valleys of the FRFs and the 
changes in the FRFs areas. The extent of damage is determined from changes in the FRFs 
area, changes in natural frequency and damping ratios. Gibson (2000) used FRFs to 
distinguish the global elastic constants of composites, the distribution of reinforcing fibres 
within composites, time-domain creep response of composites, elevated-temperature 
behaviour of composites and their constituents, and the presence of defects, damage in 
composite structures.  
 
2.10.3.4 Time Domain 
Time domain method utilizes frequency as a known parameter to which the sensor response 
is related (Diaz & Soutis, 1999). The problems with frequency when dealing with FRF is 
overcome in this method hence the signal processing implicated are to a large extent simpler 
(Diaz & Soutis, 1999). Damage is calculated (Zou et al., 2000) using time histories of the 
input and vibration responses of the structure. Damage estimation is usually sensitive to any 
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mode if the time response is taken over long periods (Zou et al., 2000). Time domain 
methods can be used to detect damage both globally and locally. 
 
2.10.3.5 Impedance Analysis 
Impedance analysis methods are based on the measurement of the impedance, Z, at a point in 
a structure (Zou et al., 2000). The impedance is defined as  
Z = 
ி
௩
        (2.3) 
Where:            F = Applied force input to the structure,  
v =Resultant velocity of the structure at the same point. 
The underlying principle of this technique is that each part of the structure contributes to the 
impedance of the structure to some extent; any variation in impedance is detected as a 
flaw/damage (Zou et al., 2000). Impedance changes with changes in stiffness of the structure.  
Cawley (1984) has presented the use of the impedance method for non-destructive inspection 
of composite structures. 
 
2.11 Preferred NDT Technique 
Among the various types of structural responses to detect damage, vibration based detection 
method was chosen for this research study. This is for the reason that: 
• Acquisition of vibration responses does not require large number of sensors. 
• Changes in structural parameters reflect damage easily  
• Moreover a variety of sensors are available for accurate measurement of vibration responses 
including, fibre optic sensors, Scanning Laser Vibrometer (SLV) system and piezoelectric 
transducers. 
 
2.12 Sensors used in Structural Health Monitoring (SHM) 
 
2.12.1 Introduction 
This chapter discusses the sensors used in structural health monitoring systems. The 
frequently used sensors comprise: optic fibre sensors (Bragg grating or Fabry- Perot system) 
piezoelectric sensors, strain gauges, shape memory alloys Scanning Laser Vibrometer (SLV) 
systems. A brief review of few is discussed below. 
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2.12.2 Piezoelectric Sensors 
Piezoelectricity (Baker et al., 2004) was discovered by Pierre and Jacques Curie in 1880.Ever 
since, the use of piezoelectricity has been of impressive use to a number of fields. There are 
fundamentally two types of piezoelectricity observed, direct and the indirect piezoelectricity 
(Baker et al., 2004). Under direct piezoelectricity, a piezoelectric material when stressed 
mechanically produces an electric discharge on the surface of the material. In comparison, 
under in-direct piezoelectricity, the piezoelectric material produces mechanical deformation 
when subjected to an electric field (Figure 2.14). The materials exhibiting above behaviour 
are called piezoelectric materials.  
 
 
Figure 2.14: Piezoelectric material producing mechanical deformation when subjected to an 
electric field (cs.ualberta.ca) 
 
When a high electrical field is applied to the material at high temperatures, in a particular 
direction, the ferroelectric domains within the material align in the direction of the electric 
field. This action is called poling. The common types of piezoelectric materials 
(Encyclopaedia of Smart Structures 2002, p.149-155) used are: quartz, barium titanate, 
cadmium sulphide, and lead zirconium titanate (PZT). Majority of these piezoelectric 
materials are ceramic and hence brittle in nature, this makes it unsuitable to embed within 
composite structures. To overcome these difficulties piezoelectric polymers (Encyclopaedia 
of Smart Structures 2002, p.149-155) such as: Polyvinyl Chloride (PVC), Polyvinylidene 
Fluoride (PVDF) and polymer films, and are being increasingly used as sensors. Piezoelectric 
materials can be manufactured in thin plates, strips, or films. The widespread use of 
piezoelectric materials is largely because they provide a coupling between electrical and 
mechanical energy. Direct piezoelectric phenomenon is used in spark ignition devices such as 
gas stoves and even cigarette lighters. Piezoelectric-based pressure and vibration sensors such 
as accelerometers, automobile airbag sensors, and vibration sensors also use the direct 
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piezoelectric principle. A typical example of an in-direct piezoelectric material used in 
everyday life is within automatic dispensing of goods and services such as wending 
machines. These machines rely on payment beforehand with coins and due allowance for 
many possible combinations. The system recognizes the coins by validating the vibration 
response after the coin strikes the piezoelectric sensor after it is inserted into the machine.   
(Figure: 2.15). 
 
Figure 2.15: Schematic representation of coin validation in wending machines                
(Courtesy: transducer-sensor.com) 
 
Validation is possible within a few milliseconds of the coin striking the anvil making the 
process suitable for high speed operation. Typical signatures for different coins acquired from 
experiments (transducer-sensor.com) is shown in Figure 2.16 below 
 
                                      
                     £0.05 Coin                                                                        £0.02 Coin  
 
Figure 2.16: Typical signatures for different coins acquired from experiments               
(transducer-sensor.com) 
 
The in direct piezoelectric effect is used to produce small displacements or vibrations in 
actuators. If the alternating field applied is tuned at the mechanical resonant frequency of the 
piezoelectric device, it can be used to generate acoustic and ultrasonic vibrations. For 
structural health monitoring applications piezoelectric elements can be used for structural 
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vibration monitoring, impact damage monitoring, structural impedance monitoring, internal 
damage monitoring by lamb waves, and damage monitoring by acoustic emission. PZT and 
PVDF polymer sensors were used by Park et al. (2005) to study the damage sensitivity of 
single fibre/epoxy composites, through acoustic emission measurement. Takeda et al. (2005) 
generated lamb waves using PZTs, whilst making use of a FBG sensor to pick up the 
reflected lamb waves, instead of using PZTs as sensors.  
 
2.12.3 Optical Fibres 
Optical fibres (Baker et al., 2004) consist of three main parts the core through which light 
travels, surrounded by a cladding and an outermost protective jacket also known as buffer 
coating (Courtesy: physix_jun.tripod.com), as shown in Figure 2.17. The core and the 
cladding are made out of silica, where the refractive index of the core is higher than that of 
the cladding. 
  
 
Figure 2.17: Main parts within an Optical Fibre (physix_jun.tripod.com) 
 
This change in refractive index facilitates the required mechanics (total internal reflection) for 
light propagation within the core. The primary function of the optical fibre is to conduct light 
from one point to another. There are three main ways of classifying (Encyclopaedia of Smart 
Structures 2002, p.715-736) optical fibres based on: the bandwidth (Multimode or Single 
mode), the variation of refractive index of the core (Stepped or graded), and the location of 
the sensing region of the optical fibre (Intrinsic or Extrinsic). Multimode optical fibres permit 
the propagation of several modes of light, whereas single mode permits the transmission of 
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the only the zero-order mode. Figure 2.18 shows the comparison of single mode and 
multimode optical fibres. 
 
Figure 2.18: Comparison of Multi mode and Single mode optical fibres 
(physix_jun.tripod.com) 
 
If the sensing region of the fibre sensor is located outside the optic fibre then it is classified as 
extrinsic type (e.g. Fabry-Perot Interferometer), whereas if it were within the optic fibre then 
it is classified as intrinsic type (e.g. Bragg Grating). Different kinds (Encyclopaedia of Smart 
Structures 2002, p.715-736) of fibre-optic sensors used for in-situ health monitoring namely: 
interferometry based sensors, intensity-based sensors, polarimetric sensors, extrinsic Fabry-
Perot interferometers, Fibre Bragg grating sensors (FBG), Raman scattering sensors, and 
Brillouin scattering sensors. Among these the ones used most frequently for structural health 
monitoring are: the fibre Bragg grating sensors and the extrinsic Fabry- Perot interferometers. 
Optical fibres have been used to detect a wide range of parameters including: strain, 
temperature, displacement, acceleration, angular velocity, acoustic emission and vibration. 
Takeda et al. (2005) have acknowledged the use of fibre Bragg Grating sensors for sensing 
lamb waves, which in succession are used for quantitative evaluation of damage in CFRP 
laminates. FBG sensors were used by Lee et al. (2005) to sense acoustic emissions for 
mechanical testing of materials. The Fabry-Perot interferometric sensor was used by Oliveira 
et al. (2004) to sense acoustic emission resulting due to damage.  
 
2.12.3.1 Bragg Grating Optical Fibre Sensor 
A fibre Bragg grating sensor (Baker et al., 2004) consists of periodic modulation of the core 
refractive index of an optical fibre. These gratings are created on the optical fibre by exposure 
of intense ultraviolet light. Due to the presence of the grating, a narrow band of wavelength is 
reflected back down the fibre, as shown in Figure 2.19 
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Figure 2.19: Schematic of a Bragg grating sensor (Baker et al., 2004) 
The peak wavelength of the reflected light is the Bragg wavelength (λB) of the grating given 
by the following equation. 
 
                                                   ߣ஻ = 2 ݊ Λ                                                                (2.4) 
 
where,  
n    : is the effective wavelength of the fibre, 
Λ   : is the period of the grating. 
 
The reflected Bragg wavelength is linearly proportional to the grating period. Hence any 
variation in the period of the grating due to strain or temperature change, results in a shift of 
the reflected wavelength given by: 
 
                                    Δ ߣ஻ௌ = ߣ஻ሺ1 െ ݌௔ሻΔߝ                                    (2.5) 
 
Where, 
Δ ߣ஻ௌ  : Wavelength shift, 
Δߝ       : applied longitudinal strain, 
݌௔       : Photo elastic co-efficient of fibre material 
 
The advantage of using this type of sensor is its potential for multiplexing. Multiplexing is 
compiling numerous sensing strips on to a single fibre which is the carrier (Figure 2.20) 
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Figure: 2.20: Schematic diagram showing multiplexing where the carrier is an example of 
Bragg –grating optical fibre (ryzex.com) 
2.12.3.2 Fabry-Perot Optical Fibre Sensor 
The Fabry Perot Interferometric (Encyclopaedia of Smart Structures 2002, p.727-728) sensor 
works with the principle of coherent interference between reflected and transmitted light 
waves. A schematic of an extrinsic Fabry-Perot sensor is shown in Figure 2.21  
 
 
Figure 2.21: Schematic of an Extrinsic-Fabry-Perot grating sensor                          
(Encyclopaedia of Smart Materials 2002, p.728) 
 
A Fabry-Perot sensor consists of a single-mode fibre which is used as the input/output lead. 
The function of the multimode fibre is to act as a reflector, reflecting the transmitted light. 
The single-mode fibre and the multimode fibre are coupled in an alignment tube with an air 
gap between them. The transmitted light that travels through the single-mode fibre passes 
through the air gap and is reflected at the face of the multimode fibre. A percentage of this 
reflected light re-enters the single-mode fibre. This results in interference between the 
transmitted light and the reflected light and a fringe pattern is obtained. Any change in the air 
gap causes a change in the interference pattern, from which information on strain levels can 
 53 
be measured. The use of these sensors is limited although they are sensitive to strain and 
temperature variations as they are difficult to manufacture and also have very limited 
multiplexing capabilities. 
 
2.12.4 Strain Gauges 
Strain gauge is the most commonly used device for the measurement of strain. The frequently 
used strain gauge, i.e. the bonded metallic strain gauge, consists of a flexible backing which 
supports a metallic foil pattern etched on to the backing. The strain gauge is bonded on to a 
structure by means of an adhesive. The working principle of the strain gauge is based on the 
piezo-resistive effect, i.e. when the foil is deformed (because of structural deformation) the 
resistance of the foil changes (Wikipedia: The free encyclopaedia, 2004).  Visualization of 
the working concept behind the strain gauge on a beam under exaggerated bending is shown 
in Figure 2.22. A Wheatstone bridge circuit is then used to calculate the strain, from the 
resistance change. Different types of Wheatstone bridge circuits can be used for this purpose 
including: Full bridge circuit, half bridge circuit and the quarter bridge circuit.  
 
 
 
Figure 2.22: Visualization of the working concept behind the strain gauge under exaggerated 
bending. (Wikipedia: the free encyclopaedia, 2004) 
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The sensitivity of a strain gauge to strain is determined by the gauge factor (Wikipedia: The 
free encyclopaedia, 2004), which is: 
 
                                              ܩܨ ൌ  ୼ோ/ோಸ
ఢ
                                                                 (2.6) 
where, 
ܩܨ  : is the gauge factor 
RG   : is the resistance of the undeformed gauge 
ΔR   : is the change in resistance caused by strain 
߳      : is strain 
2.12.5 Shape Memory Alloys  
Shape memory alloys (SMA's) are metals, which exhibit two very unique properties, pseudo-
elasticity, and the shape memory effect.. The most effective and widely used alloys include 
NiTi (Nickel - Titanium), CuZnAl, and CuAlNi (Baker et al., 2004, SMA/MEMS Research 
Group, 2001). In the one way effect a SMA (Baker et al., Oishi et al., 2005, SMA/MEMS 
Research Group, 2001) in its martensitic form, is plastically deformed from its original shape. 
This SMA then regains its original shape when it is heated to a temperature above the 
austenitic finish temperature as shown in Figure 2.23 below. 
 
Figure 2.23: Microscopic Diagram of the Shape Memory Effect                                     
(SMA/MEMS Research Group, 2001) 
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SMAs have been used for structural health monitoring of aluminium composites by         
Oishi et al. (2005). Oishi et al. embedded SMA wires within the composite to monitor the 
amount of strain (by resistance change), locate the deformations (from acoustic emissions of 
SMAs), and suppress damage (by the one way shape memory effect).  
 
 
2.12.6 Non contact vibration measurement- Scanning Laser Vibrometer 
Scanning Laser Vibrometer (LSV) is used for fast, accurate non-contact measurement of 
vibration data of the specimen under test (Castellini et al., 1998). The use of LDV as 
vibration transducer offers numerous advantages over the traditional ones with its automatic, 
high sensitivity and non-contacting capabilities improving the quality and efficiency of modal 
testing. The scanning ability of LDV (Figure 2.24) provides high spatial resolution of 
measurement, which can only be achieved by employing a colossal number of transducers in 
the conventional measurement. The LDV proved with considerable success for response 
measurements and modal testing (Sriram et al,. 1992; Stanbridge et al., 1999; Arruda et al., 
1996). Numerous researchers found the applicability of the Scanning Laser Vibrometer along 
with different methods of excitation, such as forced vibration provided by impact hammer 
(Stanbridge et al., 2000), electro-dynamic shaker or laser pulse (Stanbridge et al., 2004) and 
also ambient response (Castellini et al., 2000). For practical applications the LDV-based 
structural monitoring should operate under ambient excitation. This type of excitation is more 
striking since it allows modal analysis to be performed under service condition of the 
structures and does not require any simulated exciters. Furthermore, Modal parameters 
obtained from laser measurement provide essential information for structural health 
monitoring (SHM). By comparing these parameters, the presence of damage or any structural 
defect and its location can theoretically be determined.  
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Figure 2.24: Scanning Laser Vibrometer System (enme.umd.edu) 
 
2.13 Damage extension in composites 
 
Preventing failure of composite material systems has been a significant concern in 
engineering design. The two types of physical failures that occur in laminated composite 
structures and interact in complex manner are intralaminar and interlaminar failures. 
Intralaminar failure is manifest in micro-mechanical components of the lamina such as fiber 
breakage, matrix cracking, and debonding of the fiber- matrix interface. Typically, aircraft 
structures made of fiber reinforces composite materials are designed such that the fibers carry 
the bulk of the applied load. Interlaminar failure such as delamination refers to debonding of 
adjacent lamina. The possibility of intralaminar and interlaminar failure occurring in 
structural components is considered a design limit, and establishes restrictions on the usage of 
full potential of composites (Nikbakht et al., 2008). Due to the lack of through-the-thickness 
reinforcement, structures made from laminated composite materials and adhesively bonded 
joints are highly vulnerable to failure caused by interfacial crack initiation and growth. The 
delamination phenomenon in a laminated composite structure may reduce the structural 
stiffness and strength, reallocate the load in a way that the structural failure is delayed, or 
may lead to structural collapse. Therefore, delamination is not essentially the ultimate 
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structural failure, but rather it is the part of the failure process which may eventually lead to 
loss of structural integrity. Figure 2.25 describes the three basic fracture modes.  
 
 
 
 
Figure 2.25: Basic fracture modes KI, KII, and Kmixed 
Many configurations have been presented for testing the delamination in mode I, mode II and 
mixed mode condition in literatures. Double cantilever beam (DCB) method in 1989 by 
Williams for mode I of fracture, End-Notch Flexure (ENF) method by Carlson in 1986 for 
mode II of fracture and Mixed Mode Bending (MMB) method by Crews and Reeder for first 
time in 1988 for mixed mode fracture are used to estimate fracture toughness of different 
materials. MMB method is modified and use for calculating the critical interlaminar fracture 
toughness of AS4/PEEK by Reeder in 1990 (Reeder et al., 1990). Experimental observation 
indicates that delamination is usually initiated by high interlaminar stresses at or near 
geometric discontinuities, material discontinuities, material defects, and interalaminar 
failures, among other stress raisers. Geometric discontinuities contain biomaterial systems; 
material defects include voids; and interalaminar failures include transverse matrix cracks 
(Reeder et al., 1990). If free to do so, each ply of a laminate would deform independently of 
the other plies due to varying fiber orientation and anisotropy of the laminated composite 
material. Large stresses at the stress raisers boundaries are necessary to preserve compatible 
deformations, which are primarily responsible for the nucleation of delamination.  
 
The critical interlaminar fracture toughness must be calculated previously in order to predict 
defect growth and hence the strength of the overall structure.  In an experiment done via 
Brazilian Disk, critical interlaminar fracture toughness for Carbon-Epoxy composite fiber 
with direction of -45/+45 was calculated (Liu et al., 1997). In another study, the Brazilian 
disk was used to calculate the critical fracture toughness of carbon-epoxy composite in 
different loading conditions and mixed mode ratios and was demonstrated that fracture 
KI KII 
Kmixed 
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toughness of mode II is more sensitive to loading speed rather than mode I fracture toughness 
(Banks-Sills et al., 2006). Composites are most often classified in terms of their matrix, and 
are designated as polymer matrix composites (PMCs), metal matrix composites (MMCs), or 
ceramic matrix composites (CMCs). Although these Systems possess widely different 
mechanical properties, they experience similar damage accumulation processes. More 
significantly, although damage introduces a high level of complexity in determining the stress 
field ahead of a crack tip or a notch, energy-based fracture mechanics concepts allow an 
elegant means of characterizing the condition for failure, which spans across all the three 
matrix systems (Majumdar et al., 2001). 
 
2.14 Summary 
Among the various types of sensors available to detect damage, the Scanning laser 
Vibrometer was chosen for this research study. This is for the reason that: 
• Acquisition of vibration responses using the LSV system does not require large number of 
sensors. 
• It is accurate and easy to install/setup. 
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Chapter 3 
 Manufacture and Testing of Composite Beams/Specimens 
 
3.1 Introduction 
 
Composite beams with artificial delamination were manufactured for testing at the RMIT 
University’s Composites laboratory. Various beams (Figure 4.4) were manufactured by the 
vacuum bag resin infusion technique (VBRI) (Mallick, 1988; Schwartz, 1996; Barbero, 1998) 
and hand lay-up technique (Mallick, 1988; Schwartz, 1996; Barbero, 1998). Plywood was 
also chosen as an additional composite material for testing and evaluation purpose.  Both 
types of composites were introduced with artificial defects and tested using a Laser 
Vibrometer to acquire the dynamic responses. 
 
3.2 Materials 
The materials that were used for experimental and testing purposes were Carbon/Epoxy 
beams manufactured by VBRI technique and hand layup technique along with Plywood 
samples for initial experimentation. 
 
3.2.1 Plywood Composites 
 
Plywood is manufactured by slicing or rotary peeling thin sheets less than 2.5 mm of material 
veneer from a flitch or log and then laminating three or more veneers into rectangular sheets. 
Generally 1200 mm × 1200 mm for very thin sheets and 1200 mm × 2400 mm for other 
thickness (Brandon, 1995).Laminating an odd number of plies [3, 5, 7 ...] reduces warping 
while increasing the number of plies increases the resistance to shearing forces (Figure 3.1).  
 
Figure 3.1: Various plies used while laminating sheets (Brandon, 1995)  
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The plies are usually laid so that the grain directions alternate between lengthwise and 
crosswise with the grain direction of the two surface veneers parallel to the longer dimension 
of rectangular sheets (Brandon, 1995). Three-ply manufactured from very thin veneers is 
principally utilised as aircraft fuselage and wing panels (Brandon, 1995). The centre ply is 
known as the 'core', the outer plies as the 'faces' (or the 'face' and 'back') and the intermediate 
plies are the 'cross bands'. The density of plywood is usually much the same as the parent 
wood, slightly higher if softwood. The stiffness of plywood can be increased without an 
increase in weight by laying the two outer plies so that their grain direction is at 45° to the 
long axis of the sheet. Forty five degree plywood is slightly stronger than the normal 90° 
sheets but it is much more expensive and difficult to acquire. Humidity effects may be less 
apparent in the 45° plywood (Brandon, 1995). 
 
3.2.2 Carbon-Epoxy Ply 
Carbon fibre reinforced epoxy unidirectional (UD) prepregs each 0.125mm thick were used to 
make the composite beams along with Teflon impregnated glass film (~60µm) inserted as 
artificial delamination. The prepregs are usually available in roll wound or reel wound as 
shown in Figure 3.2 below. 
 
 
Figure 3.2: Carbon fibre reinforced epoxy unidirectional (UD) prepregs available in rolls 
(tohotenax.com) 
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Figure 3.4: Various carbon/epoxy beams manufactured with defects for testing 
 
A total of 32 plies were cut and arranged into a 550mm X 450mm rectangle and stacked 
using the hand layup technique (Mallick, 1988; Schwartz, 1996; Barbero, 1998) using a hand 
roller onto a steel plate in a Quassi Isotropic & Symmetric layup [(+45 0 -45 90)s]n ; n=6 
(Figure 3.5). During stacking, each ply was rolled to ensure no air is trapped in between the 
layers. Also the Teflon impregnated glass film was introduced in between layers to simulate 
delamination. 
 
 
 
 
 
Healthy Specimen 
Specimen for material 
testing 
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Quassi Isotropic & Symmetric layup [(+45 0 -45 90)s]n; n=6                                   Layup using 32 plies. 
Figure 3.5: Quassi Isotropic & Symmetric layup using 32 plies 
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 The steel plate was polished several times and a sheet of release paper was placed onto it 
before the laminates were stacked onto it. A release film was also placed on the surface of the 
uppermost laminate. A layer of breather-bleeder combination was placed over this surface. 
The laminate was then covered with a flexible bag, all ends of which were sealed to the plate. 
The release film prevents the cured laminate from sticking to the plate. The breather enables 
the uniform distribution of the applied vacuum and permits the uniform flow of the resin 
during the curing process.  The uniform pressure applied also helps in removing excess 
trapped air. Autoclave curing is the most extensively used method of producing high-quality 
laminates within the Marin/Aerospace industry. Autoclaves are extremely resourceful pieces 
of equipment (Mallick, 1988; Schwartz, 1996; Barbero, 1998). Since the gas pressure is 
applied isostatically to the part, almost any shape can be cured in an autoclave. The only 
limitation is the size of the autoclave and the large initial capital investment to purchase and 
install an autoclave. The resin is held at this cure temperature for normally 4 to 6 hours, 
allowing time for the cross linking process to be completed. Figure 3.6 explains the 
preparation of the laminate for curing in an Autoclave. After the over-laminate was fully 
cured, the composite was ready to be machined to make the required beam specimens for 
testing. 
 
 
 
 
Figure 3.6: Laminates ready for curing in an Autoclave 
Vacuum Source
Vacuum Port
Steel Plate
Breather
Flexible Bag
Seal
Autoclave
Stacked Laminates 
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3.5 Cutting and Machining 
Once the over-laminates are fully cured, the manufactured composite is cut into a total of 9 
specimens with 7 samples having Teflon impregnated glass film (~60µm) inserted as 
artificial delamination, 1 healthy specimen and 1 specimen for material testing. 
 
3.6 Specification of Sensor – PSV Laser Vibrometer 
POLYTEC Vibrometer operates on the Doppler principle, measuring the frequency shift of 
backscattered laser light from a vibrating structure to determine its instantaneous velocity and 
displacement. The PSV-400 avoids the necessity of attaching a transducer array to the test 
sample and then individually collecting and processing each transducer’s output. The PSV-
400 Scanning Vibrometer comprises both state-of-the-art hardware and software. It includes a 
compact sensor head with an integrated scanning unit, a vibrometer controller and a data 
acquisition and management system. These components are complimented by a powerful 
software package that controls the scanners, data processing, and visualization of the 
measurement results. The PSV-400 series is built upon the combined strength of a proven 
OFV-5000 Controller and a high-performance OFV-505 Sensor Head featuring auto-focus 
and focus memory functionality. The PSV-400 is designed to scan both small (mm2) and 
large (m2) structures. Depending on the chosen configuration, the PSV-400 covers vibration 
frequencies up to 20 MHz and vibration velocities up to 20 m/s (Courtesy: PSV-400 
Specifications, PSV-400 Manual). The PSV-400 system used is shown in figure 3.7 below. 
 
Figure: 3.7: PSV-400 Laser Vibrometer System 
PSV-400 Scanning Head
PSV-400 Data Acquisition System
 69 
3.7 Installation and Setup 
 
3.7.1 Specimen Surface Preparation 
No specific surface preparation is required for scanning with the aid of a Laser Vibrometer. 
However both the plywood as well as the carbon/epoxy beams were cleaned with a 
neutralizer to clean the surface of grease and dust particles with a cotton stick prior to them 
being adhered to the actuator system. 
 
3.7.2 Actuator Bonding 
Once the surface has been cleaned using a neutralizer, the actuator head (impulse head from 
the mechanical shaker) is bonded to both the plywood and carbon/epoxy surfaces (Figure 3.8) 
using an AVERY double sided tape patch. 
 
 
 
Figure 3.8: Actuator bonding onto plywood and carbon/epoxy specimen surfaces 
 
Plywood Sample 
Carbon/Epoxy Sample 
Actuator Head
AVERY double sided 
tape patch 
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3.7.3 Sensor- Actuator system preparation 
A data acquisition system along with the Scanning Head provided with the PSV-400 SLV 
system was used to acquire data from the samples during the test. For impulse excitation, a 
mechanical shaker connected to an actuator head. The frequency range of 1 to 1000 Hz was 
chosen for the excitation using an impulse hammer; the impulse location remained stationary 
and was located behind the surface being scanned. 3200 FFT lines were defined in the range 
from 1 to 2000 Hz for each measurement point. The FRFs for each data set at each point were 
averaged 3 times over the scan points to minimize noise interference.  
 
3.8 Data Acquisition System 
The POLYTEC analyser, PSV-400 Scanning Head and the POLYTEC PSV-400 signal 
generator were used as the Data Acquisition System for testing the specimen prepared. 
 
3.9 Testing 
Experiments are conducted on plywood and composite beams, using the Vibration Deflection 
Shapes (VDS) method and a Scanning Laser Doppler Vibrometer. A series of experiments 
were performed on plywood specimen initially to comprehensively evaluate the performance 
of the laser technique and evaluate the various setup parameters. The VDS’s are sensitive to 
structural parameter variations, and hence can be used to detect and locate damage in large 
composite structures. The laser vibrometer has proven to be an effective and time saving tool 
for structural health monitoring, particularly for detection of damage in composites (Sriram et 
al,. 1992; Stanbridge et al., 1999; Arruda et al., 1996). The PSV-400 is easy and intuitive to 
operate, especially when compared with traditional multipoint vibration measurement 
methods requiring time consuming preparation of the test object and sensors. 
 
The samples were supported on a frame using a string and clip arrangement while bonded to 
the actuator head. This assembly was then connected to the impulse hammer or the 
mechanical shaker. The hammer was connected to the PSV-400 signal generator through the 
signal amplifier as shown in Figure 3.9. The Scanning Head of the PSV-400 Laser Vibrator 
system was positioned in front of the specimen. The sample was ready once it was aligned. 
Alignment is defining the boundary conditions on the sample/specimen for the Scanning 
Head to reference against.  
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Figure 3.9: Experimental setup  
 
The various acquisition settings considered for testing both the plywood and carbon/epoxy 
specimen are published as under. 
An FFT measurement mode with a 3 time averaging at each scan point was chosen. The 3 
time averaging mode relates to the Scanning head measuring the dynamic response at each of 
the scan points thrice and averaging it to finalise the value at that particular point. A 
bandwidth of 1.25 kHz starting from 0 kHz with 3200 FFT lines was considered with 0% 
overlap. This resulted with a Sample Frequency of 3.2 kHz while Sample Time and 
Resolution of being 2.56 s and 390.6 MHz OFV-5000, provided with the PSV-400 SLV 
system was used as the controller for the Vibrometer. A Low Pass Filter and a Fast tracking 
filter with a frequency of 1.5 MHz were also used to filter noise. VD-03 1000 mm/s/V was 
chosen as the velocity mode with a maximum frequency of 1.5 MHz based on the Low Pass 
Filter. Finally a Periodic Chirp type of a waveform with amplitude of 1V was passed to the 
Specimen 
Frame 
Mechanical Shaker 
Actuator Head 
String + Clip 
arrangement 
Signal Amplifier 
connected to PSV-400 
Signal generator 
Scan points 
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signal amplifier and through to the mechanical shaker to excite the specimen connected to it. 
Table 3.1 summarises the various acquisition settings below. 
 
Table 3.1: Acquisition settings using the PSV-400 Laser Vibrometer System 
Measurement Mode FFT 
Averaging (Peak Hold) 3 
Filter Low Pass Filter (1.5 MHz) 
Fast Tracking 
Vibrometer Controller OFV-5000 
Controller set Velocity VD-03 1000 mm/s/V 
Bandwidth 0-1.25kHz 
Sample Frequency 3.2 kHz 
Sample Time 2.56 s 
Resolution 390.6 MHz 
FFT lines used 3200 
Overlap 0% 
Waveform  Periodic Chirp 
Waveform Amplitude 1 V 
 
All these settings were input, acquired and estimated using the POLYTEC software provided 
with the PSV-400 Laser Vibrometer system. The samples were then mounted onto the test rig 
as previously illustrated in Figure 3.9. To define the scan points, the specimen under test had 
to be aligned as shown in Figure 3.10 below 
 
Figure 3.10: Alignment defining boundary conditions for Scanning Head reference 
Alignment Points defining 
boundary conditions
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This alignment allows us to create a mesh of scan points having a density of 5 X 61 points 
over the sample defining the boundary conditions for the Scanning Head as shown in Figure 
3.11 below. 
 
 
Figure 3.11: Mesh of 5 X 61 Scan Points defined within the aligned points over specimen 
 
A similar setup was considered for the plywood samples mounted onto the test rig.  
 
3.9.1 Results and Discussion for Plywood Composites 
The experiment  started by defining the scanning points on the surface of the sample and 
gathering the structural responses to the dynamic excitations using the test rig shown in 
Figure 4.9 . As the defect introduced was a notch in the central section of the sample, after 
excitation and comparison of the dynamic response with the healthy sample, there were 
abnormalities found in the signal response acquired from the defect sample. Both the samples 
were excited at the same point.  The mode shape comparison and the frequency response 
comparison between healthy and defect samples are shown in Figures 3.12 and 3.13 
Scan Points 
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respectively. The mode shapes were then compared to result in large variation in 
displacements around the notch in the defect sample. 
 
                                  
(a) Displacement mode shape for Healthy sample 
                           
(b) Displacement mode shape for defect sample 
 
Figure 3.12: Displacement mode shapes of healthy and defect plywood sample 
The displacement mode shape gives a global perspective about the presence of damage 
within the specimen tested against a reference specimen.  Figure 5.4 below show the FFT 
responses acquired from both samples and compared around the damage area.  
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(a) Response signature from healthy sample around central section considered as reference 
 
 
(b) Response acquired from defect sample around the damage zone 
 
Figure 3.13: FFT response acquired from both samples and compared around the damage 
area 
 
 
Figure 3.14 below highlights the full range response for a global damage detection approach 
indicating the difference in dynamic response between both samples. 
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(a) Full range dynamic response from Healthy sample to be used as reference 
 
 
 
 
(b)  Full range dynamic response  from Defect sample showing variation from reference 
 
 
Figure 3.14: Full range response between Healthy and Defect plywood samples. 
 
Thus, from the displacement mode shapes as well as the FFT responses acquired and 
analysed, the presence of the defect within the tested sample is evident. Thus displacement 
mode shapes can be a guide for a global damage detection approach. Numerous researchers 
have determined the presence of damage zones using the global approach (Lestari et al., 
2005; Ratcliff et al., 1998). 
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3.10 C-SCAN Validation for Composite Beams- Damage Locations 
The carbon/epoxy beam specimens were manufactured as described under section 3.4 in the 
previous pages. To validate if all the samples were fabricated within the manufacturing 
tolerances, a C-Scan was performed on each of the samples to determine if there were any 
other abnormalities other than the ones introduced. All the samples were scanned at the 
RMIT University’s Composite Laboratory. All the samples were scanned under the C-scan 
machine and the final location of the defects after curing were compared against the location 
of defects during manufacture. A minute shift (approximately 2 mm) in the position of the 
defects was observed post curing due to resin flow. However this shift was assumed within 
the manufacturing tolerance. Figure 3.15 shows the scan result for the composite beams 
tested under the C-scan machine. 
 
 
 
Figure 3.15: C-scan data for carbon/epoxy beams highlighting damage presence and 
location. 
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3.11 Mode Shape Analysis 
In general, structural damage detection can be classified as local-damage detection and 
global-damage detection (Kessler, 2002). Local-damage detection is mainly techniques 
referring to non-destructive testing (NDT) such as CT scanning and ultrasonic, etc. It is 
primarily used to detect local damage in structures- damage existence and its location. Local 
damage detection methods make use of data acquired from the damaged structure. The main 
advantage of local damage detection techniques are data and theoretical models of the 
undamaged structure are not needed. However, for the large and complex structures, it is very 
difficult to detect damage using any of the local damage detection techniques. Thus, local 
damage detection techniques can only be used to detect damages in certain parts of the 
structure. For detecting damage throughout the whole structure, especially some large and 
complex structures, a methodology called global vibration-based structural damage detection 
(Lestari et al., 2005; Ratcliff et al., 1998) has been proposed. In brief, it is based on the 
principle where the structure is assumed as a dynamic system with stiffness, mass and 
damping. Upon damage within the structure, there would be a change in the structural 
parameters along with the frequency-response function (FRF) and modal parameters of the 
structural system. Hence, the change of the structural modal parameters can be treated as a 
signal of early damage occurrence within the structural system. Thus Mode shapes can be 
analysed and applied for local or global damage detection methods. 
 
3.11.1 Frequency Response and Displacement Mode Shape Analysis 
There are many advantages to using the frequency response as a detection technique as 
discussed in the previous chapter. The effect of damage on frequency response primarily 
provides global information about the condition of structures. In addition, the natural 
frequencies are very sensitive to interference, especially at the low order modes. Few 
examples of interference include fibre misalignment during manufacture, introduction of non-
negligible mass by sensors, and simulated approximate boundary conditions that prompt the 
largest error in the frequency measurement (Kessler et al., 2002). Nevertheless, the natural 
frequency can be used as an early warning system of global structural condition. The location 
of the defect can be estimated with the percentage of change in the natural frequencies of 
intact and damaged structures which depend on the position of the defect for a particular 
mode of vibration. The magnitude of displacement through the range of frequencies for each 
sample was computed using the PSV-400 Laser Vibrometer system. The response signatures 
obtained after comparing various composite beams with the response signature of the healthy 
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specimen assumed as the reference have been illustrated in Fig 3.15-3.22(b) below. From 
these responses, the first 4 modes were selected and displacement mode shapes for the 
selected modes were generated by the data acquired from the PSV-400 Laser Vibrometer 
system.  
 
 
Figure 3.16: Comparison of Full range FRF signal between Sample 1 and Healthy Sample 
 
Figure 3.16 (a): Variation in Frequency-Displacement peaks between Sample #1 and 
Healthy Sample 
a b
a
1
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Figure 3.16 (b): Variation in Frequency-Displacement peaks between Sample #1 and 
Healthy Sample 
 
 
 
 
Figure 3.17: Comparison of Full range FRF signal between Sample 2 and Healthy Sample 
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Figure 3.17 (a): Variation in Frequency-Displacement peaks between Sample #2 and 
Healthy Sample 
 
 
 
 
 
 
 
 
Figure 3.17(b): Variation in Frequency-Displacement peaks between Sample #2 and 
Healthy Sample 
c
d
 82 
 
 
Figure 3.18: Comparison of Full range FRF signal between Sample 4 and Healthy Sample 
 
 
 
 
 
 
Figure 3.18 (a): Variation in Frequency-Displacement peaks between Sample #4 and 
Healthy Sample 
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Figure 3.18 (b): Variation in Frequency-Displacement peaks between Sample #4 and 
Healthy Sample 
 
 
 
 
 
 
 
Figure 3.19: Comparison of Full range FRF signal between Sample 5 and Healthy Sample 
 
f
g h
4
 84 
 
 
 
Figure 3.19(a): Variation in Frequency-Displacement peaks between Sample #5 and 
Healthy Sample 
 
 
 
 
 
Figure 3.19 (b): Variation in Frequency-Displacement peaks between Sample #5 and 
Healthy Sample 
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Figure 3.20: Comparison of Full range FRF signal between Sample 6 and Healthy Sample 
 
 
 
Figure 3.20 (a): Variation in Frequency-Displacement peaks between Sample #6 and 
Healthy Sample 
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Figure 3.20(b): Variation in Frequency-Displacement peaks between Sample #6 and 
Healthy Sample 
 
 
 
 
Figure 3.21: Comparison of Full range FRF signal between Sample 7 and Healthy Sample 
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Figure 3.21 (a): Variation in Frequency-Displacement peaks between Sample #7 and 
Healthy Sample 
 
 
 
 
 
Figure 3.21(b): Variation in Frequency-Displacement peaks between Sample #7 and 
Healthy Sample 
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Figure 3.22: Comparison of Full range FRF signal between Sample 8 and Healthy Sample 
 
 
 
 
Figure 3.22 (a): Variation in Frequency-Displacement peaks between Sample #8 and 
Healthy Sample 
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Figure 3.22(b): Variation in Frequency-Displacement peaks between Sample #8 and 
Healthy Sample 
From the above responses, the first 4 modes were selected and the relevant displacement 
mode shapes were acquired for individual samples.  Table 1.2-1.6 show the calculated 
displacement magnitudes from the excited beams using the PSV-400 Laser Vibrometer 
system for samples 1, 2,3,7,8 for mode 1 respectively.  Figure 3.23 below describes the Point 
position matrix for the samples corresponding to Tables 3.2- 3.6 (Refer Appendix-B). 
 
Figure 3.23: Point position matrix used to generate displacement mode shapes for 
Carbon/Epoxy samples 
n 
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The displacement mode shapes for mode 1-4 for sample 1 are shown in Figure 3.24 below. 
 
Figure 3.24: Displacement mode shapes for Sample 1 
 91 
The displacement mode shapes for mode 1-4 for sample 2 are shown in Figure 3.25 below.
 
Figure 3.25: Displacement mode shapes for Sample 2 
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The displacement mode shapes for mode 1-4 for sample 3 are shown in Figure 3.26 below. 
 
Figure 3.26: Displacement mode shapes for Sample 3 
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The displacement mode shapes for mode 1-4 for sample 7 are shown in Figure 3.27 below 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27: Displacement mode shapes for Sample 7 
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The displacement mode shapes for mode 1-4 for sample 7 are shown in Figure 3.28 below 
 
 
 
Figure 3.28: Displacement mode shapes for Sample 8 
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Once all the displacement data was acquired, the responses from the defect sample were 
referenced against the response acquired from the Healthy sample. The difference in the 
signal between the Healthy and defect sample would potentially indicate the presence and 
location of the damage. A difference algorithm was used to estimate the change in 
displacement between healthy and defect sample to the original value. The resultant value (δ) 
highlighted the change in signatures.  
 
 
                                     ࢾ ൌ  
| ௫ಹି ௫ವ|
௫ಹ
                                             (2.7) 
 
Where, 
ݔு  - Magnitude of displacement of a point on the reference specimen acquired 
ݔ஽ -  Magnitude of displacement of the same point over specimen under test (defect sample) 
ࢾ   - Ratio of absolute difference of displacement magnitudes between Healthy and Defect                    
specimen to the reference displacement magnitude from a healthy specimen. 
 
 
 
ࢾ  for samples 1, 2,7 and 8 were computed for modes 1,2 and 3 respectively. Lestari 
et al., 2001, used few lower order modes to identify damage location based on the difference 
between the acquired data of healthy and damaged structures. Lower order modes were 
preferred in the damage assessment as the nodal points of damaged structures at high modes 
may shift significantly from the original undamaged case. This could generate misleading 
results. The resultant curve could be used to estimate the approximate damage size and 
location within the specimen under test.  Only results from mode 1 were applicable for 
damage assessment as higher modes produced misleading peaks. Numerous researchers 
have studied the systematic change in the first mode shape with respect to damage 
identification (Yan et al., 2006). For Sample 1, a 40 mm TEFLON impregnated glass film 
was introduced to mimic a delamination within the specimen during manufacture at a depth 
of approximately 6 mm below the surface of the specimen being scanned. From the resultant 
displacement mode shapes acquired for sample 1 (Figure 3.29) the damage zone is estimated 
approximately as 38.68 mm. Figure 8.4 below also illustrates the misleading peaks observed 
at higher modes due to shifts in nodal points. 
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Figure 3.29: Resultant displacement mode shapes acquired for sample 1 
 
The actual location of the delamination is validated using the C-Scan result as shown in 
Figure 3.30 below. 
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Figure 3.30: Actual location of delamination within sample #1 from a C-Scan 
For Sample 2, another 40 mm TEFLON impregnated glass film was introduced to mimic a 
delamination within the specimen during manufacture at a depth of approximately 4 mm 
below the surface of the specimen being scanned. From the resultant displacement mode 
shapes acquired for sample 2 (Figure 3.32) similar to sample 1  the  damage zone is 
estimated approximately as 38.68 mm. Figure 3.32 also illustrates the misleading peaks 
observed at higher modes due to shifts in nodal points. The C-scan validation for the actual 
position of the defect is shown in Figure 3.31 below 
 
 
 
 
 
Figure: 3.31: Actual location of delamination within sample #2 from a C-Scan 
 
Delamination Excitation Pt
Constrained end 
Delamination Excitation Pt
Constrained end 
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Figure 3.32: Resultant displacement mode shapes acquired for sample 2 
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For Sample 7 and 8, 40 mm TEFLON impregnated glass film were also introduced to mimic 
a delamination within the specimen during manufacture at a depth of approximately 2mm 
and 4 mm respectively below the surface of the specimen being scanned. From the resultant 
displacement mode shapes acquired for sample 7 (Figure 3.34) and sample 8 (Figure 3.35) 
the damage zone is estimated approximately as 38.68 mm. For sample 7, the specimen was 
excited over the damage region. That explains the presence of only one peak as compared to 
the 2 peaks seen in other samples.  
 The C-scan validation for the actual position of the defect is shown in Figure 3.33 below 
 
 
 
 
 
 
Figure 3.33: Actual location of delamination within sample #7 from a C-Scan 
 
Figure 3.34 and Figure 3.35 represent the resultant displacement mode shapes for samples 7 
and 8 respectively.  
 
Delamination and Excitation Zone
Constrained end 
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Figure 3.34: Resultant displacement mode shapes acquired for sample 7 
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Figure 3.35: Resultant displacement mode shapes acquired for sample 8 
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The actual location of the delamination within sample 8 is shown in Figure 3.36 below 
 
 
 
 
 
 
Figure 3.36: Actual location of delamination within sample 8 
3.11.2 Curvature Mode Shape Analysis 
A crack or localized damage within a structure reduces the stiffness and increases the 
damping in the structure. Such a reduction in stiffness is allied with decreases in the natural 
frequencies and alteration of the modes of vibration of the structure. Several researchers have 
used one or more of the above characteristics to detect and locate a crack. Diminutive work 
has been done on using the changes in the mode shapes to detect damage within structures. 
Systematic change in the first mode shape with respect to the damage location within a 
cantilever beam was observed during the analysis of various mode shapes (Yan et al., 2006). 
They based their findings using finite element analysis to obtain the natural frequencies and 
the mode shapes of the damaged structure. From changes in frequency they could determine 
the presence of crack or damage in a structure. Numerous researchers have probed into the 
utility of curvature mode shapes in damage detection (Hamey et al., 2004).The difference in 
the curvature mode shapes between the intact and the damaged specimen is utilized to detect 
the location of the defect. The changes in the curvature mode shapes are shown to be 
localized in the region of damage.  
 
 
DelaminationExcitation Pt 
Constrained end 
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The Curvature (ׯሻ at a point is given by 
                                              
                                                                   ׯ ൌ
ெ
ாூ
                                                       (2.8) 
 
Where, 
ׯ   െ     The curvature at a section,  
M   -    The bending moment at the section, 
E    -    The modulus of elasticity  
I     -    The second moment of the cross-sectional area. 
 
 If a crack or other damage is introduced in a structure, it reduces the (EI) of the structure at   
the cracked section or in the damaged region, which increases the magnitude of curvature at 
that section of the structure. The changes in the curvature are local in nature and hence can be 
used to detect and locate a crack or damage in the structure. The change in curvature 
increases with reduction in the value of (EI), and therefore the amount of damage can be 
obtained from the magnitude of change in curvature. Lestari et al., (2001) used few lower 
order curvature modes to identify damage location based on the difference between the 
acquired data of healthy and damaged structures. The mathematical relationship of both the 
measured data and dynamic parameters was used to estimate the severity of the damage. The 
amplitude difference of curvature mode shapes was employed to estimate the local stiffness 
loss due to damage. The first three curvature modes were used in the damage assessment as 
the curvature nodal points of damaged structures at high modes may shift significantly from 
the original undamaged case. This could generate misleading results. Curvature mode shapes 
are related to the flexural stiffness of beam cross-sections. 
 
3.11.2.1 Curvature Mode Shape Acquisition 
Curvature mode shape can be obtained by using piezoelectric sensors mounted on the sample 
(Lestari et al., 2005) or by the application of a numerical algorithm to convert displacement 
mode shapes to curvature mode shapes. Curvature mode shape is the second derivative of a 
displacement mode shape. By using the Central Difference Approximation (CDA) technique 
over displacement mode shapes; curvature mode shapes can be generated. The central 
difference approximation technique is a method of obtaining the curvatures in between 
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various nodes on a specimen. Equation 2.9 below estimates the curvature at a point using the 
central difference approximation method. 
 
 
                                    ׯଶ ൌ ቄ
௫భା ௫యିଶ௫భ 
௛మ
ቅ                           (2.9) 
 
where , 
ׯ   െ           The curvature at a section or nodal point 
ݔଵ, ݔଶ, ݔଷ – Magnitudes of displacements at nodal points 1, 2 and 3 respectively 
h              -   Distance between 2 consecutive nodal points. 
 
Using the central difference approximation method the curvatures for samples 1,2,7 and 8 
were calculated from the displacement data obtained from the PSV-400 Laser Vibrometer 
System. 
 
A similar point position matrix to the one used to generate displacement mode shapes was 
employed to tabulate the curvature data for each of the samples 1,3 7 and 8 respectively. 
Figure 3.37 explains the matrix. A Visual Basic code (Refer Appendix-A) was used to sort 
the data as per the matrix below. Tables 1.7-2.1(Refer Appendix-C) represent the curvature 
magnitudes acquired. 
 
Figure 3.37: Point position matrix used to generate curvature mode shapes for 
Carbon/Epoxy samples 
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3.12 Summary 
The damage within the Carbon/Epoxy beams could be identified successfully by both the 
displacement mode shape analysis as well as curvature mode shape analysis. The 
displacement mode shape giving a global snapshot through the frequency domain range, is a 
positive method for a globalised technique of damage identification. The curvature mode 
shape being the derivative of the displacement mode shape is more of a localised technique. 
The size and location of the delamination in one place was successfully identified by both 
these techniques and validated using the C-scan results. Various unusual peaks within the 
resultant plots indicate the severity of the defect. Comparing the actual defect size and 
location, in this case for a delamination type of a damage measured during manufacture as 
well as post experimentation, an accuracy of 95% was observed in both damage size and 
location. Future work could potentially involve defect characterization through signal 
processing as well as studies over crack propagation. 
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Chapter 4 
Experimental Damage Extension  
 
4.1 Introduction 
The present study addresses delamination testing with combined tensile normal stress          
(mode I). This chapter includes an experimental approach which can be used to propagate the 
crack/delamination based on the ASTM E399-90 (1997) standard. A method has been 
proposed for experimentally extending the delamination for further analysis. A pull-out test 
was conducted as part of the initial experimentation to find the maximum failure load of the 
sample with the delamination which was then used to compute the critical stress intensity 
factor KIC. 
 
4.2 Cutting and Machining Carbon/Epoxy sample for material testing 
In this study, carbon/epoxy composite panels with simulated defects were used to 
fabricate test specimen. Beams manufactured by the vacuum bag resin infusion technique 
(VBRI) and hand lay-up technique as described in Chapter 3 (3.4) were machined into 
specimen with dimensions 50 mm X 50 mm each as shown in Figure 4.1 below. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Test specimen cut from beams manufactured using VBRI technique 
Cutting Planes Beam with 
delamination
Delamination
Cut sample      
(50mm X 50 mm)
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The surface of the beam with an embedded delamination was first prepared by grinding the 
top and bottom layer with a fine grit abrasion wheel mounted onto a DREMEL tool as shown 
in Figure 4.2 below. Then the surface needs to be cleaned using acetone to make sure there is 
no residue left on the surface. 
 
 
Figure 4.2: Surface preparation of Carbon/Epoxy beam for testing. 
 
 The surface has to be prepared so there is a good surface adhesion between the insert and the 
specimen during testing.  The beam is then cut using a TILEMASTER 250 DIAMOND 
cutting wheel as shown in Figure 4.3 below to the specified size of 50mm X 50mm. 
 
Figure 4.3: Machining sample using TILEMASTER 250 DIAMOND cutting wheel 
Fine grit abrasion 
wheel mounted on 
DREMEL tool 
Carbon/Epoxy 
beam specimen 
Prepared 
surface 
Carbon/Epoxy 
beam 
50mm X 50 mm 
sample marking 
TILEMASTER 
250 DIAMOND 
cutting wheel 
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4.3 Fabrication of inserts for pull out testing 
4.3.1 Fabrication of T- insert for pull testing 
Figure 4.4 below shows a T-insert fabricated for conducting a pull test to determine the 
maximum failure load for the sample being tested. 6 inserts have been fabricated based on 
this design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: T-insert specification 
 
60 mm 
12 mm 
6 mm 
M8 Bolt welded 
to surface 
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Once the inserts have been fabricated, the surface was prepared by a blasting process. Micro-
glass beads were blasted onto the metal surface in an abrasive blaster as shown in figure 4.5 
below. 
         
Figure 4.5: Surface of T-inserts prepared using an Abrasive Blaster 
 
4.3.2 Fabrication of T-insert holder 
Figure 4.6 below shows a T-insert holder fabricated for housing the T-insert for a pull test to 
determine the maximum failure load for the sample being tested. Two holders have been 
fabricated based on this design to hold the composite in between the clamps of the 
INSTRON machine used for the pull test.  
 
 
Figure 4.6: T-insert holder 
Abrasive Blaster 
Glass blasted T-Inserts
30 mm 
200  mm 
50  mm 
Knurled Surface 
Threaded cylinder to house M8 bolt  
Slot to compensate 
offset during setup  
 117 
4.4 Installation and setup 
4.4.1 Gluing the T-inserts to the carbon/epoxy sample 
The two T-inserts were glued to the prepared sample using ARALDITE 420A, an aerospace 
grade epoxy adhesive commonly used for bonding applications. A catalyst was used to speed 
up the curing process along with the ARALDITE 420A epoxy adhesive. The epoxy adhesive 
and catalyst were mixed in the ratio of 2:1 as per the manufacturer’s recommendation (shown 
in Figure 4.7 below).  
 
Figure 4.7: ARALDITE 420A epoxy adhesive being mixed with catalyst  
Next, the two inserts were glued to the carbon/epoxy sample as shown in figure 4.8 below. 
 
Figure 4.8: Gluing T-inserts to the carbon/epoxy sample 
Next the bonded T-inserts and carbon/epoxy sample are placed in an oven at 95 degrees for 
four hours to aid in a quicker curing process as shown in Figure 4.9 below.  
     
Figure 4.9: Curing bonded inserts to sample in oven set at 95 degrees 
Epoxy Adhesive Carbon/Epoxy sample 
T-insert 
Oven set at 95 degrees 
Bonded inserts to carbon/epoxy sample 
 118 
4.4.2 Assembling T-insert to the T-insert holder 
The T-insert holder was designed to house the T-insert fabricated as shown in Figure 4.10 
below and in turn clamp them between the INSTON machine clamps. 
 
 
 
 
Figure 4.10:  Assembling the T-insert with the T-insert holder 
4.4.3 Setup  
Once the inserts had been glued and cured, the T-insert holders were assembled to the glued 
inserts. This assembly was then clamped in between the upper and lower jaws of the 
INSTRON machine as shown in Figure 10.1 below. 
 
Figure 4.11: Test sample setup 
 
To composite
Upper Jaw of INSTRON M/C 
Carbon/Epoxy 
composite sample 
Upper T-insert holder 
T-inserts 
Upper Jaw of INSTRON M/C 
Lower T-insert holder 
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4.5 Testing 
4.5.1 Loading and constraints 
Once the sample was loaded in between the upper and lower jaws of the INSTRON 
machine. The prepared composite sample with delamination was subjected to tensile forces 
representing mode 1 of fracture. The machine was set to a load control mode where the load 
exerted by the INSTRON machine would drop to zero as soon as the sample reached it 
failure load. 
4.5.2 Experimental validation to calculate maximum failure load 
The INSTRON machine was connected to a PC running the machine software. As the load 
exerted by the INSTRON machine dropped to zero, a Load vs. Displacement graph was 
plotted as shown in Figure 4.12 below. 
 
Figure 4.12: Load vs. Displacement plot for composite test sample under a tensile pull test 
Thus from the above Load vs. Displacement graph the maximum failure load Pmax 
determined as 1312 N.  
 
 
 
Max Load 
(Pmax)1312 N 
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4.6 Calculation of KIC for composite specimen with an embedded 
delamination to facilitate fatigue growth. 
The Kmax chosen to facilitate fatigue growth should be far lower compared to the anticipated 
KIc as per ASTM E399-90 (1997) standard. 
The composite carbon/epoxy sample as shown in Figure 4.13 below was assumed as a 
function of the test specimen indicated by the ASTM E399-90 (1997) standard.  
 
Figure 4.13: Test specimen as per ASTM E399-90 standard 
Hence, for the functional specimen chosen, KIC in units of ksi.in1/2 (MPa.m1/2) was 
computed from the expression as described in equation (3.1) and (3.2) below as per the 
ASTM E399-90 standard. 
K୕ ൌ  ൤
P୕
BሺWሻଵ/ଶ
൨ . ݂ ቀ
ܽ
ݓ
ቁ 
                                   (3.1) 
 
 
T
B
W
PQ  
t
 121 
Where, 
݂ ቀ
ܽ
ݓ
ቁ ൌ
ቂ2 ൅ ቀܽݓቁቃ ൤0.886 ൅ 4.64 ቀ
ܽ
ݓቁ െ 13.32 ቀ
ܽ
ݓቁ
ଶ
൅ 14.72 ቀܽݓቁ
ଷ
െ 5.6 ቀܽݓቁ
ସ
൨
ቂ1 െ ሺܽݓሻቃ
ଷ/ଶ  
          (3.2) 
Where, 
PQ = load as determined in section 4.5.2 in (kN) = 1.234 kN 
B = Specimen thickness in (cm) = 5 cm 
W = Specimen width in (cm) = 2.5 cm 
a = crack length from loading axis in (cm) = [T-(t/2)] = 1.7 cm 
 Where, T= Half the length of crack from edge of specimen = 2 cm 
    t = Half the width of T-insert = 0.6 cm 
Thus substituting the above values of ‘W’ and ‘a’ in equation (3.2) 
݂ ቀ
ܽ
ݓ
ቁ ൌ
ቂ2 ൅ ቀ1.72.5ቁቃ ቈ0.886 ൅ 4.64 ቀ
1.7
2.5ቁ െ 13.32 ቀ
1.7
2.5ቁ
ଶ
൅ 14.72 ቀ1.72.5ቁ
ଷ
െ 5.6 ቀ1.72.5ቁ
ସ
቉
ቂ1 െ ሺ1.72.5ሻቃ
ଷ/ଶ  
֜ ݂ ቀ
ܽ
ݓ
ቁ ൌ
ሾ2 ൅ ሺ0.68ሻሿሾ0.886 ൅ 4.64ሺ0.68ሻ െ 13.32 ሺ0.68ሻଶ ൅ 14.72ሺ0.68ሻଷ െ 5.6ሺ0.68ሻସሿ
ሾ1 െ ሺ0.68ሻሿଷ/ଶ
 
 
֜ ݂ ቀ
ܽ
ݓ
ቁ ൌ
ሾ2.68ሿሾ0.886 ൅ 3.155 െ 6.15 ൅ 4.622 െ 1.192ሿ
0.181
 
 
֜ ݂ ቀ
ܽ
ݓ
ቁ ൌ
ሾ2.68ሿሾ0.886 ൅ 3.155 െ 6.15 ൅ 4.622 െ 1.192ሿ
0.181
 
 
֜ ݂ ቀ௔
௪
ቁ ൌ 19.55   
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Substituting PQ ,B ,W and ݂ ቀ
௔
௪
ቁ in equation (3.1), 
K୕ ൌ  ൤
P୕
BሺWሻଵ/ଶ
൨ . ݂ ቀ
ܽ
ݓ
ቁ 
֜ K୕ ൌ  ൤
1.234
5ሺ25ሻଵ/ଶ
൨ . ሺ19.55ሻ 
֜ K୕ ൌ  ൤
1.234
25
൨ . ሺ19.55ሻ 
֜ K୕ ൌ K୍େ ൌ  0.964 MPa. mଵ/ଶ                    
4.6.1 Extension of the delamination within a composite specimen 
The composite beam (Sample 1) was mounted as shown in Figure 4.14 below (Mehdizadeh 
et al., 2009). The T-inserts were affixed onto the composite beam as explained in (4.4 of 
Chapter 4). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: Test Rig for Crack Propagation using Fatigue on an INSTRON machine under 
displacement control. (Mehdizadeh et al., 2009) 
Upper Jaw of 
INSTRON 
machine under 
displacement 
control 
Composite Beam 
Inserts bonded 
onto composite 
beam 
Lower Jaw of 
INSTRON 
machine under 
displacement 
control 
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Thus to facilitate fatigue crack growth, the Kmax chosen (Figure 10.5) should be far less than 
the K୍େ obtained from experimental testing. 
 
 
 
 
 
 
Figure 4.15: Graph showing comparison between rate of crack growth and stress 
intensity factor 
Thus the Kmax chosen to facilitate fatigue growth in the composite specimen (Sample 1) 
should be far lower compared to the anticipated KIC. A load range of 200- 400 N 
corresponding to the Kmax chosen (Mehdizadeh et al., 2009) was selected to facilitate crack 
growth using fatigue as shown in Figure 4.16 below. 
 
Figure 4.16: Selection of load range for corresponding Kmax chosen from 
experimentation. (Mehdizadeh et al., 2009) 
The sample was then subjected to 15500 cycles under displacement control on the 
INSTRON machine to propagate the crack. Figure 4.17 below highlights the extended crack 
length measured physically.  Approximately 4 mm was measured as the crack growth from 
K୍େ 
݀ܽ
݀ܰ
 
∆K 
K୫ୟ୶
Kmax < KIC for 
crack to extend
Load range 
200N- 400 N 
to facilitate 
fatigue growth 
Max Load 
1312 N 
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each of the two ends of the delamination using an optical microscope (Mehdizadeh et al., 
2009). 
 
 
Figure 4.17: Extended crack length on Sample 1 (Mehdizadeh et al., 2009) 
 
 
 
 
 
 
 
 
 
 
Crack 
Extended due 
to fatigue  
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4.6.2: Mode Shape analysis after damage extension 
4.6.2.1 Resultant displacement mode shapes before and after damage extension   
Resultant displacement mode shapes were acquired from the composite specimen with the 
extended delamination using a SLV system. From the resultant displacement mode shapes 
acquired for mode 1 of sample 1 before and after damage extension, (Figure 4.18 and 4.19 
respectively) the damage zone is estimated approximately as 36.67 mm and 57.84 mm 
respectively. 
 
Figure 4.18: Resultant displacement mode shape for sample 1 before crack extension 
 
Figure 4.19: Resultant displacement mode shape for sample 1 after crack extension 
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4.7 Results and Discussion 
The value of K୍େ obtained using this method was comparable to the value of K୍େ obtained 
experimentally by other researchers (Nikbakht et al., 2008). Also, this method was 
successfully employed by authors to extend the delamination within a similar polymeric 
composite structure by 4mm on either side. (Mehdizadeh et al., 2009). However this 
contrasts with the 8.92 mm extension on either side as determined by the displacement and 
curvature plots from the SLV tests (Mehdizadeh et al., 2009).    The difference was 
accounted for by the plausible curved crack-propagation front induced by the fatigue crack 
extension process.  This is schematically shown in Figure 4.22 below. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: Plausible Fatigue-induced Curved crack front  
 
 
 
 
Original Delamination (40mm) 
Physically measure crack 
extension on one side (4mm) 
Suspected Actual Crack-growth 
(8.92 mm on each side) 
(Mode shape analysis) 
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Chapter 5 
Conclusion 
 
5.1 Vibration based damage detection techniques 
A comprehensive study was conducted on the various vibration based damage detection 
techniques.  Mode shape analysis played a key role in the SHM system developed as it is 
based on the principle where the structure is assumed as a dynamic system with stiffness, 
mass and damping. Upon damage within the structure, there would be a change in the 
structural parameters along with the frequency-response function (FRF) and modal 
parameters of the structural system. Hence, the change of the structural modal parameters 
was treated as a signal of early damage occurrence within the structural system. 
 
5.2 Manufacture of composite beams 
Carbon/Epoxy composite beams were manufactured using the Vacuum Bag Resin Infusion 
(VBRI) technique and the Hand Lay-up technique. Artificial delaminations (Teflon 
impregnated glass film) were also embedded at various configurations. It was noticed that 
using the VBRI technique a consistent production quality could be achieved. Furthermore, no 
volatile substances were emitted as the structures were conserved against the atmosphere. 
However, the finish obtained on the composite beams using the Hand Lay-up technique, for 
laying up the overlaminates, depends on the skill of the operator. Excellent validation 
between the C-Scan results and actual manufacturing data was obtained for all the damage 
configurations studied. This facilitated and supported the use of Mode shape analysis in the 
study. 
 
5.3 Preliminary Test Outcomes 
 Two types of structures were used to test the performance of the SHM system: plywood 
composite with impact type damage and three composite beams with delamination type of 
damage. All samples were scanned using a C-Scan machine and actual damage zones were 
established.  The structures were then subjected to loading. On analyzing the Frequency 
Response Function (FRF) signals between the damaged structure and healthy structure for 
both types of structures using a Scanning Laser Vibrometer (SLV) system, it was noticed that 
the presence of a delamination causes a shift in the natural frequency between the healthy and 
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the defect sample.  The shift in the natural frequency was also found to vary for samples with 
the delamination at varying locations. This phenomenon was then used a damage parameter 
to estimate presence of damage within a structure. 
  
5.4 Mode Shape Analysis 
On analysis the mode shapes of both the damaged and healthy composite beams obtained 
using a Scanning Laser Vibrometer (SLV), increased disturbance in the displacement data 
within the vicinity of damage was observed. This perturbation was found to be more 
prominent along the edge of the defect indicating the presence of damage in the lower modes. 
The magnitude of the displacement distribution was also found to increase as the size of the 
delamination increased. This phenomenon was then used as damage parameter to estimate 
early damage within the structure. 
 
Resultant Displacement and Curvature Mode shapes were plotted using an absolute 
difference method and a central difference approximation method respectively. The output 
from these plots enabled the successful identification of both the location and extent of 
damage within the structure with an accuracy of 96.5%.  
 
Displacement mode shapes were identified to be effective as a global damage detection 
technique and Curvature mode shapes were identified as an effective method for local 
damage detection. 
 
5.5 Experimental analysis in estimating maximum stress intensity factor 
(Kmax) for crack propagation. 
 
The critical stress intensity factor (KIC) was computed successfully based on a method 
proposed as a derivative of the ASTM E 399-90 standard. A method was also proposed to 
compute maximum stress intensity factor that could be used to extend the delamination using 
fatigue. Various inserts were designed and fabricated as part of the experimental setup which 
was successfully employed resulting in satisfactory experimental results. 
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5.6 Damage Extension and Mode shape analysis 
 
In order to facilitate crack growth within the composite specimen (Sample1), the maximum 
stress intensity factor (Kmax) chosen for the experimentation had to be far lower compared to 
the anticipated (KIC) from theoretical calculation. Hence, a load range of 200- 400 N 
acquired from material tests with exact composition on an INSTRON machine 
corresponding to the Kmax chosen was selected to facilitate crack growth by 4mm on each 
side of the delamination successfully using the fatigue crack extension procedure. The 
resultant displacement and curvature mode shapes of the composite specimen (Sample 1), 
for both before and after the damage extension, were analysed to corroborate the 
experimental findings. 
 
5.6 Future Work 
 
1.  In this research study vibration based SHM monitoring was conducted, the technique 
developed could be extended to consider the thickness of the specimen into 
consideration and identify damage in 3-dimensions. 
 
2 Artificial Neural networks can be introduced to predict the location of delamination 
using input from surface displacement data and frequency response functions indicating 
presence of existing damage within structures. 
 
3 Another significant aspect that could be looked into is assessing the criticality prognosis 
of the damage and hence predicting the remaining life of the structure. This will involve 
the tie up of the ANN predictions to Fracture Mechanics based crack propagation work. 
 
4.    This work could also provide itself to self-correction actuation systems through a 
standard feedback control routine. This can include other actuation systems such as 
piezoelectric actuators to actively cancel aberrant vibration amplitudes. Future work 
could also involve computational modelling using Finite Element Analysis to 
complement the experimentally determined mode shapes.  
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Appendix A- Visual Basic code developed for sorting acquired data 
 
The Visual Basic code developed for sorting the acquired data from the PSV-400 Laser 
Vibrometer is as follows. 
*************** 
Sub SelectEveryNthRow() 
    ' Initialize ColsSelection equal to the number of columns in the 
    ' selection. 
    ColsSelection = Selection.Columns.Count 
    ' Initialize RowsSelection equal to the number of rows in your 
    ' selection. 
    RowsSelection = Selection.Rows.Count 
    ' Initialize RowsBetween equal to five. 
    RowsBetween = 5 
    ' Initialize Diff equal to one row less than the zero row number of 
    ' the selection. 
    Diff = Selection.Row 
    ' Resize the selection to be 1 column wide and the same number of 
    ' rows long as the initial selection. 
    Selection.Resize(RowsSelection, 1).Select 
    ' Resize the selection to be every third row and the same number of 
    ' columns wide as the original selection. 
    Set FinalRange = Selection. _ 
       Offset(RowsBetween - 1, 0).Resize(1, ColsSelection) 
    ' Loop through each cell in the selection. 
    For Each xCell In Selection 
        ' If the row number is a multiple of 6, then . . . 
        If xCell.Row Mod RowsBetween = Diff Then 
            ' ...reset FinalRange to include the union of the current 
            ' FinalRange and the same number of columns. 
            Set FinalRange = Application.Union _ 
                (FinalRange, xCell.Resize(1, ColsSelection)) 
        ' End check. 
        End If 
    ' Iterate loop. 
    Next xCell 
    ' Select the requested cells in the range. 
    FinalRange.Select 
End Sub 
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Appendix B- Displacement Mode Shape Results Tabulated  
 
 
Table 3.2: Displacements -Sample1 (Mode 1) 
  Displacement Data from Sample 1 (m)-Mode 1 
Pt L5 L4 L3 L2 L1 
1 1.42E-05 1.44E-05 1.48E-05 1.52E-05 1.53E-05 
2 1.37E-05 1.38E-05 1.41E-05 1.44E-05 1.46E-05 
3 1.26E-05 1.27E-05 1.29E-05 1.32E-05 1.33E-05 
4 1.13E-05 1.14E-05 1.16E-05 1.18E-05 1.20E-05 
5 1.00E-05 1.01E-05 1.04E-05 1.05E-05 1.07E-05 
6 8.76E-06 8.80E-06 9.02E-06 9.24E-06 9.37E-06 
7 7.48E-06 7.52E-06 7.78E-06 8.01E-06 8.14E-06 
8 6.22E-06 6.30E-06 6.56E-06 6.74E-06 6.82E-06 
9 4.97E-06 5.01E-06 5.31E-06 5.45E-06 5.58E-06 
10 3.70E-06 3.72E-06 3.98E-06 4.19E-06 4.37E-06 
11 2.57E-06 2.58E-06 2.85E-06 3.05E-06 3.19E-06 
12 1.40E-06 1.48E-06 1.74E-06 1.97E-06 2.07E-06 
13 2.65E-07 3.00E-07 5.47E-07 8.11E-07 9.23E-07 
14 8.56E-07 8.49E-07 5.90E-07 3.72E-07 2.69E-07 
15 1.96E-06 1.95E-06 1.71E-06 1.43E-06 1.31E-06 
16 2.91E-06 2.91E-06 2.69E-06 2.48E-06 2.33E-06 
17 3.85E-06 3.86E-06 3.61E-06 3.43E-06 3.31E-06 
18 4.82E-06 4.79E-06 4.50E-06 4.25E-06 4.19E-06 
19 5.62E-06 5.63E-06 5.34E-06 5.13E-06 5.05E-06 
20 6.45E-06 6.41E-06 6.22E-06 5.95E-06 5.86E-06 
21 7.19E-06 7.20E-06 6.93E-06 6.69E-06 6.57E-06 
22 7.91E-06 7.91E-06 7.68E-06 7.37E-06 7.29E-06 
23 8.47E-06 8.47E-06 8.20E-06 7.97E-06 7.85E-06 
24 9.00E-06 8.96E-06 8.76E-06 8.53E-06 8.41E-06 
25 9.45E-06 9.42E-06 9.22E-06 9.02E-06 8.89E-06 
26 9.84E-06 9.80E-06 9.60E-06 9.40E-06 9.27E-06 
27 1.01E-05 1.01E-05 9.90E-06 9.70E-06 9.58E-06 
28 1.04E-05 1.03E-05 1.01E-05 9.92E-06 9.79E-06 
29 1.06E-05 1.05E-05 1.03E-05 1.01E-05 9.93E-06 
30 1.07E-05 1.05E-05 1.03E-05 1.01E-05 9.99E-06 
31 1.07E-05 1.05E-05 1.03E-05 1.01E-05 9.99E-06 
32 1.06E-05 1.04E-05 1.01E-05 9.98E-06 9.91E-06 
33 1.04E-05 1.02E-05 9.90E-06 9.76E-06 9.75E-06 
34 1.01E-05 9.92E-06 9.60E-06 9.50E-06 9.46E-06 
35 9.75E-06 9.50E-06 9.21E-06 9.04E-06 9.06E-06 
36 9.29E-06 9.09E-06 8.74E-06 8.60E-06 8.58E-06 
37 8.74E-06 8.51E-06 8.23E-06 8.03E-06 8.08E-06 
38 8.11E-06 7.92E-06 7.61E-06 7.45E-06 7.43E-06 
39 7.42E-06 7.22E-06 6.98E-06 6.78E-06 6.78E-06 
40 6.64E-06 6.44E-06 6.21E-06 6.04E-06 6.01E-06 
41 5.80E-06 5.60E-06 5.37E-06 5.20E-06 5.17E-06 
42 4.88E-06 4.72E-06 4.46E-06 4.28E-06 4.25E-06 
43 3.93E-06 3.77E-06 3.51E-06 3.30E-06 3.26E-06 
44 2.83E-06 2.68E-06 2.42E-06 2.25E-06 2.22E-06 
45 1.69E-06 1.51E-06 1.30E-06 1.14E-06 1.11E-06 
46 5.41E-07 3.81E-07 2.37E-07 2.38E-07 2.48E-07 
47 7.20E-07 9.23E-07 1.17E-06 1.30E-06 1.30E-06 
48 1.98E-06 2.15E-06 2.43E-06 2.54E-06 2.57E-06 
49 3.30E-06 3.46E-06 3.75E-06 3.89E-06 3.89E-06 
50 4.60E-06 4.74E-06 5.03E-06 5.23E-06 5.24E-06 
51 6.02E-06 6.15E-06 6.47E-06 6.65E-06 6.66E-06 
52 7.45E-06 7.65E-06 7.93E-06 8.09E-06 8.03E-06 
53 8.86E-06 9.06E-06 9.38E-06 9.54E-06 9.48E-06 
54 1.03E-05 1.05E-05 1.08E-05 1.10E-05 1.09E-05 
55 1.18E-05 1.20E-05 1.22E-05 1.24E-05 1.23E-05 
56 1.32E-05 1.34E-05 1.37E-05 1.38E-05 1.38E-05 
57 1.46E-05 1.49E-05 1.52E-05 1.53E-05 1.53E-05 
58 1.60E-05 1.63E-05 1.66E-05 1.68E-05 1.68E-05 
59 1.75E-05 1.79E-05 1.81E-05 1.83E-05 1.83E-05 
60 1.90E-05 1.92E-05 1.95E-05 1.96E-05 1.98E-05 
61 2.00E-05 2.02E-05 2.03E-05 2.06E-05 2.07E-05 
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Table 3.3: Displacements –Sample 2 (Mode 1) 
Displacement Data from Sample 2 (m)-Mode 1 
Pt L5 L4 L3 L2 L1 
1 1.51E-05 1.52E-05 1.55E-05 1.59E-05 1.61E-05 
2 1.44E-05 1.45E-05 1.47E-05 1.50E-05 1.51E-05 
3 1.32E-05 1.33E-05 1.35E-05 1.37E-05 1.39E-05 
4 1.19E-05 1.19E-05 1.21E-05 1.24E-05 1.25E-05 
5 1.08E-05 1.06E-05 1.08E-05 1.10E-05 1.11E-05 
6 9.65E-06 9.40E-06 9.51E-06 9.73E-06 9.79E-06 
7 8.11E-06 7.85E-06 8.17E-06 8.36E-06 8.49E-06 
8 6.60E-06 6.63E-06 6.88E-06 7.13E-06 7.23E-06 
9 5.29E-06 5.32E-06 5.60E-06 5.84E-06 5.99E-06 
10 4.02E-06 4.03E-06 4.25E-06 4.54E-06 4.63E-06 
11 2.74E-06 2.74E-06 2.97E-06 3.27E-06 3.36E-06 
12 1.58E-06 1.57E-06 1.82E-06 2.10E-06 2.21E-06 
13 3.86E-07 4.25E-07 6.14E-07 8.93E-07 1.03E-06 
14 7.69E-07 7.80E-07 5.75E-07 4.02E-07 3.36E-07 
15 1.92E-06 1.92E-06 1.71E-06 1.45E-06 1.29E-06 
16 2.95E-06 2.95E-06 2.73E-06 2.51E-06 2.34E-06 
17 3.94E-06 3.91E-06 3.74E-06 3.53E-06 3.38E-06 
18 4.92E-06 4.88E-06 4.70E-06 4.49E-06 4.34E-06 
19 5.82E-06 5.78E-06 5.59E-06 5.40E-06 5.28E-06 
20 6.66E-06 6.61E-06 6.41E-06 6.24E-06 6.13E-06 
21 7.45E-06 7.40E-06 7.21E-06 7.01E-06 6.93E-06 
22 8.17E-06 8.14E-06 7.93E-06 7.73E-06 7.63E-06 
23 8.84E-06 8.80E-06 8.63E-06 8.44E-06 8.33E-06 
24 9.44E-06 9.40E-06 9.22E-06 9.04E-06 8.91E-06 
25 9.92E-06 9.88E-06 9.68E-06 9.52E-06 9.40E-06 
26 1.03E-05 1.03E-05 1.01E-05 9.92E-06 9.81E-06 
27 1.07E-05 1.06E-05 1.05E-05 1.03E-05 1.01E-05 
28 1.09E-05 1.09E-05 1.07E-05 1.05E-05 1.04E-05 
29 1.11E-05 1.10E-05 1.08E-05 1.07E-05 1.05E-05 
30 1.13E-05 1.11E-05 1.09E-05 1.07E-05 1.06E-05 
31 1.13E-05 1.11E-05 1.09E-05 1.07E-05 1.06E-05 
32 1.12E-05 1.10E-05 1.08E-05 1.06E-05 1.06E-05 
33 1.10E-05 1.08E-05 1.06E-05 1.04E-05 1.04E-05 
34 1.07E-05 1.05E-05 1.03E-05 1.01E-05 1.01E-05 
35 1.03E-05 1.01E-05 9.89E-06 9.74E-06 9.71E-06 
36 9.85E-06 9.70E-06 9.45E-06 9.27E-06 9.25E-06 
37 9.25E-06 9.15E-06 8.88E-06 8.74E-06 8.71E-06 
38 8.66E-06 8.52E-06 8.28E-06 8.11E-06 8.07E-06 
39 7.90E-06 7.77E-06 7.53E-06 7.40E-06 7.37E-06 
40 7.10E-06 6.94E-06 6.76E-06 6.62E-06 6.59E-06 
41 6.22E-06 6.07E-06 5.88E-06 5.75E-06 5.73E-06 
42 5.28E-06 5.15E-06 4.95E-06 4.82E-06 4.80E-06 
43 4.30E-06 4.18E-06 3.96E-06 3.79E-06 3.76E-06 
44 3.16E-06 3.06E-06 2.85E-06 2.71E-06 2.68E-06 
45 2.01E-06 1.88E-06 1.72E-06 1.59E-06 1.56E-06 
46 8.23E-07 6.99E-07 5.47E-07 4.64E-07 4.52E-07 
47 4.67E-07 6.09E-07 7.79E-07 9.32E-07 9.63E-07 
48 1.76E-06 1.89E-06 2.06E-06 2.20E-06 2.24E-06 
49 3.12E-06 3.21E-06 3.44E-06 3.56E-06 3.57E-06 
50 4.45E-06 4.59E-06 4.85E-06 5.01E-06 4.99E-06 
51 5.92E-06 6.00E-06 6.26E-06 6.36E-06 6.37E-06 
52 7.39E-06 7.52E-06 7.69E-06 7.79E-06 7.80E-06 
53 8.84E-06 8.93E-06 9.13E-06 9.24E-06 9.27E-06 
54 1.03E-05 1.04E-05 1.06E-05 1.08E-05 1.08E-05 
55 1.18E-05 1.19E-05 1.21E-05 1.23E-05 1.23E-05 
56 1.34E-05 1.35E-05 1.37E-05 1.38E-05 1.38E-05 
57 1.49E-05 1.50E-05 1.52E-05 1.54E-05 1.54E-05 
58 1.65E-05 1.66E-05 1.68E-05 1.69E-05 1.69E-05 
59 1.80E-05 1.82E-05 1.83E-05 1.85E-05 1.85E-05 
60 1.96E-05 1.97E-05 1.98E-05 2.00E-05 2.00E-05 
61 2.06E-05 2.07E-05 2.08E-05 2.10E-05 2.11E-05 
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Table 3.4: Displacements –Sample 3-Healthy (Mode 1) 
Displacement Data from Sample 3(m)-Mode 1 
Pt L5 L4 L3 L2 L1 
1 1.48E-05 1.49E-05 1.52E-05 1.55E-05 1.57E-05 
2 1.40E-05 1.41E-05 1.45E-05 1.47E-05 1.49E-05 
3 1.28E-05 1.28E-05 1.32E-05 1.35E-05 1.37E-05 
4 1.16E-05 1.16E-05 1.19E-05 1.22E-05 1.23E-05 
5 1.03E-05 1.04E-05 1.07E-05 1.10E-05 1.10E-05 
6 9.00E-06 9.04E-06 9.39E-06 9.66E-06 9.81E-06 
7 7.71E-06 7.80E-06 8.09E-06 8.38E-06 8.49E-06 
8 6.52E-06 6.52E-06 6.86E-06 7.10E-06 7.24E-06 
9 5.30E-06 5.22E-06 5.56E-06 5.94E-06 6.04E-06 
10 4.16E-06 4.01E-06 4.36E-06 4.78E-06 4.87E-06 
11 2.93E-06 2.85E-06 3.17E-06 3.55E-06 3.68E-06 
12 1.78E-06 1.77E-06 2.06E-06 2.30E-06 2.46E-06 
13 8.11E-07 6.74E-07 9.95E-07 1.20E-06 1.36E-06 
14 1.77E-07 4.01E-07 2.01E-07 1.64E-07 3.45E-07 
15 1.39E-06 1.63E-06 1.28E-06 1.00E-06 8.50E-07 
16 2.55E-06 2.58E-06 2.25E-06 2.01E-06 1.83E-06 
17 3.46E-06 3.42E-06 3.12E-06 2.93E-06 2.78E-06 
18 4.37E-06 4.31E-06 4.04E-06 3.86E-06 3.69E-06 
19 5.21E-06 5.16E-06 4.93E-06 4.70E-06 4.55E-06 
20 5.99E-06 5.95E-06 5.73E-06 5.51E-06 5.33E-06 
21 6.72E-06 6.68E-06 6.48E-06 6.23E-06 6.07E-06 
22 7.39E-06 7.35E-06 7.13E-06 6.90E-06 6.74E-06 
23 7.99E-06 7.94E-06 7.73E-06 7.48E-06 7.38E-06 
24 8.51E-06 8.47E-06 8.23E-06 7.99E-06 7.87E-06 
25 8.96E-06 8.92E-06 8.73E-06 8.48E-06 8.36E-06 
26 9.39E-06 9.32E-06 9.12E-06 8.91E-06 8.76E-06 
27 9.78E-06 9.70E-06 9.44E-06 9.23E-06 9.09E-06 
28 1.00E-05 9.93E-06 9.70E-06 9.49E-06 9.35E-06 
29 1.01E-05 1.01E-05 9.83E-06 9.64E-06 9.53E-06 
30 1.02E-05 1.01E-05 9.86E-06 9.67E-06 9.59E-06 
31 1.03E-05 1.01E-05 9.86E-06 9.66E-06 9.62E-06 
32 1.02E-05 1.01E-05 9.78E-06 9.64E-06 9.60E-06 
33 1.01E-05 9.89E-06 9.63E-06 9.50E-06 9.50E-06 
34 9.84E-06 9.70E-06 9.41E-06 9.28E-06 9.26E-06 
35 9.45E-06 9.33E-06 9.04E-06 8.90E-06 8.91E-06 
36 9.07E-06 8.95E-06 8.71E-06 8.53E-06 8.51E-06 
37 8.54E-06 8.45E-06 8.20E-06 8.04E-06 8.00E-06 
38 8.01E-06 7.89E-06 7.68E-06 7.51E-06 7.49E-06 
39 7.35E-06 7.24E-06 7.02E-06 6.90E-06 6.87E-06 
40 6.63E-06 6.48E-06 6.29E-06 6.18E-06 6.19E-06 
41 5.85E-06 5.69E-06 5.47E-06 5.36E-06 5.38E-06 
42 5.01E-06 4.87E-06 4.66E-06 4.55E-06 4.55E-06 
43 4.08E-06 3.93E-06 3.74E-06 3.65E-06 3.64E-06 
44 3.12E-06 3.02E-06 2.76E-06 2.69E-06 2.67E-06 
45 2.15E-06 2.04E-06 1.76E-06 1.65E-06 1.65E-06 
46 1.04E-06 9.32E-07 6.79E-07 5.88E-07 5.88E-07 
47 1.97E-07 2.69E-07 5.05E-07 6.09E-07 6.37E-07 
48 1.27E-06 1.39E-06 1.61E-06 1.76E-06 1.79E-06 
49 2.53E-06 2.65E-06 2.85E-06 2.95E-06 2.96E-06 
50 3.79E-06 3.90E-06 4.07E-06 4.18E-06 4.19E-06 
51 5.05E-06 5.13E-06 5.33E-06 5.47E-06 5.49E-06 
52 6.29E-06 6.35E-06 6.58E-06 6.75E-06 6.76E-06 
53 7.66E-06 7.74E-06 7.93E-06 8.06E-06 8.08E-06 
54 9.04E-06 9.12E-06 9.29E-06 9.41E-06 9.44E-06 
55 1.04E-05 1.05E-05 1.07E-05 1.08E-05 1.08E-05 
56 1.17E-05 1.18E-05 1.20E-05 1.21E-05 1.22E-05 
57 1.32E-05 1.33E-05 1.34E-05 1.35E-05 1.35E-05 
58 1.45E-05 1.46E-05 1.48E-05 1.49E-05 1.49E-05 
59 1.59E-05 1.60E-05 1.62E-05 1.63E-05 1.63E-05 
60 1.73E-05 1.73E-05 1.75E-05 1.76E-05 1.77E-05 
61 1.82E-05 1.83E-05 1.84E-05 1.86E-05 1.86E-05 
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Table 3.5: Displacements –Sample 7 (Mode 1) 
Displacement Data from Sample7(m)-Mode 1 
Pt L5 L4 L3 L2 L1 
1 1.43E-05 1.44E-05 1.47E-05 1.50E-05 1.52E-05 
2 1.36E-05 1.37E-05 1.43E-05 1.43E-05 1.46E-05 
3 1.23E-05 1.26E-05 1.35E-05 1.34E-05 1.34E-05 
4 1.10E-05 1.13E-05 1.21E-05 1.21E-05 1.21E-05 
5 9.76E-06 9.73E-06 1.04E-05 1.05E-05 1.08E-05 
6 8.52E-06 8.53E-06 8.87E-06 9.29E-06 9.46E-06 
7 7.33E-06 7.33E-06 7.74E-06 8.05E-06 8.28E-06 
8 6.05E-06 6.14E-06 6.46E-06 6.80E-06 6.99E-06 
9 4.83E-06 4.88E-06 5.19E-06 5.43E-06 5.70E-06 
10 3.59E-06 3.65E-06 3.98E-06 4.24E-06 4.45E-06 
11 2.39E-06 2.50E-06 2.82E-06 3.13E-06 3.26E-06 
12 1.26E-06 1.30E-06 1.64E-06 1.95E-06 2.16E-06 
13 1.72E-07 1.79E-07 3.77E-07 7.88E-07 9.93E-07 
14 1.03E-06 1.05E-06 7.47E-07 5.23E-07 4.64E-07 
15 2.15E-06 2.16E-06 1.88E-06 1.53E-06 1.36E-06 
16 3.12E-06 3.15E-06 2.84E-06 2.55E-06 2.32E-06 
17 4.11E-06 4.05E-06 3.82E-06 3.49E-06 3.29E-06 
18 5.10E-06 4.97E-06 4.69E-06 4.40E-06 4.19E-06 
19 6.03E-06 5.89E-06 5.56E-06 5.28E-06 5.08E-06 
20 6.75E-06 6.61E-06 6.35E-06 6.08E-06 5.89E-06 
21 7.44E-06 7.39E-06 7.11E-06 6.84E-06 6.63E-06 
22 8.15E-06 8.09E-06 7.81E-06 7.51E-06 7.30E-06 
23 8.77E-06 8.72E-06 8.44E-06 8.16E-06 7.94E-06 
24 9.32E-06 9.26E-06 8.98E-06 8.70E-06 8.49E-06 
25 9.77E-06 9.73E-06 9.46E-06 9.17E-06 8.97E-06 
26 1.01E-05 1.01E-05 9.84E-06 9.55E-06 9.37E-06 
27 1.05E-05 1.04E-05 1.02E-05 9.87E-06 9.68E-06 
28 1.08E-05 1.07E-05 1.04E-05 1.01E-05 9.93E-06 
29 1.10E-05 1.08E-05 1.05E-05 1.03E-05 1.01E-05 
30 1.12E-05 1.09E-05 1.06E-05 1.03E-05 1.02E-05 
31 1.12E-05 1.09E-05 1.05E-05 1.03E-05 1.02E-05 
32 1.11E-05 1.08E-05 1.04E-05 1.02E-05 1.01E-05 
33 1.09E-05 1.06E-05 1.02E-05 1.01E-05 1.00E-05 
34 1.06E-05 1.03E-05 9.85E-06 9.74E-06 9.76E-06 
35 1.02E-05 9.92E-06 9.45E-06 9.36E-06 9.39E-06 
36 9.78E-06 9.52E-06 9.13E-06 8.98E-06 8.94E-06 
37 9.24E-06 8.99E-06 8.69E-06 8.47E-06 8.41E-06 
38 8.63E-06 8.38E-06 8.08E-06 7.85E-06 7.81E-06 
39 7.94E-06 7.67E-06 7.38E-06 7.17E-06 7.13E-06 
40 7.16E-06 6.90E-06 6.60E-06 6.41E-06 6.37E-06 
41 6.30E-06 6.05E-06 5.77E-06 5.56E-06 5.52E-06 
42 5.37E-06 5.16E-06 4.86E-06 4.64E-06 4.59E-06 
43 4.38E-06 4.15E-06 3.88E-06 3.67E-06 3.63E-06 
44 3.35E-06 3.12E-06 2.84E-06 2.66E-06 2.62E-06 
45 2.24E-06 2.00E-06 1.74E-06 1.59E-06 1.57E-06 
46 1.09E-06 8.81E-07 6.73E-07 6.34E-07 6.44E-07 
47 1.90E-07 4.57E-07 7.92E-07 1.05E-06 1.10E-06 
48 1.40E-06 1.66E-06 1.99E-06 2.22E-06 2.26E-06 
49 2.72E-06 2.98E-06 3.28E-06 3.48E-06 3.51E-06 
50 4.07E-06 4.32E-06 4.61E-06 4.80E-06 4.84E-06 
51 5.42E-06 5.69E-06 5.97E-06 6.17E-06 6.21E-06 
52 6.80E-06 7.05E-06 7.34E-06 7.56E-06 7.61E-06 
53 8.19E-06 8.44E-06 8.76E-06 9.01E-06 9.06E-06 
54 9.65E-06 9.88E-06 1.02E-05 1.04E-05 1.05E-05 
55 1.11E-05 1.13E-05 1.16E-05 1.19E-05 1.19E-05 
56 1.26E-05 1.28E-05 1.31E-05 1.33E-05 1.34E-05 
57 1.41E-05 1.43E-05 1.46E-05 1.49E-05 1.49E-05 
58 1.56E-05 1.58E-05 1.60E-05 1.63E-05 1.63E-05 
59 1.70E-05 1.73E-05 1.75E-05 1.77E-05 1.78E-05 
60 1.84E-05 1.86E-05 1.88E-05 1.91E-05 1.92E-05 
61 1.92E-05 1.93E-05 1.96E-05 1.99E-05 2.01E-05 
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Table 3.6: Displacements –Sample 8 (Mode 1) 
Displacement Data from Sample8(m)-Mode 1 
Pt L5 L4 L3 L2 L1 
1 1.55E-05 1.55E-05 1.56E-05 1.58E-05 1.58E-05 
2 1.47E-05 1.47E-05 1.48E-05 1.49E-05 1.51E-05 
3 1.34E-05 1.34E-05 1.34E-05 1.35E-05 1.36E-05 
4 1.20E-05 1.20E-05 1.21E-05 1.21E-05 1.23E-05 
5 1.06E-05 1.07E-05 1.08E-05 1.08E-05 1.09E-05 
6 9.34E-06 9.26E-06 9.35E-06 9.40E-06 9.45E-06 
7 7.99E-06 7.90E-06 7.95E-06 8.00E-06 8.03E-06 
8 6.45E-06 6.40E-06 6.58E-06 6.67E-06 6.71E-06 
9 5.05E-06 5.10E-06 5.27E-06 5.36E-06 5.44E-06 
10 3.81E-06 3.87E-06 4.01E-06 4.10E-06 4.16E-06 
11 2.58E-06 2.62E-06 2.76E-06 2.86E-06 2.90E-06 
12 1.33E-06 1.36E-06 1.70E-06 1.63E-06 1.91E-06 
13 1.28E-07 3.56E-07 7.11E-07 8.64E-07 9.82E-07 
14 9.94E-07 9.69E-07 7.03E-07 8.74E-07 6.70E-07 
15 2.10E-06 2.09E-06 2.01E-06 1.94E-06 1.92E-06 
16 3.24E-06 3.22E-06 3.12E-06 3.01E-06 2.98E-06 
17 4.30E-06 4.27E-06 4.15E-06 4.04E-06 4.01E-06 
18 5.27E-06 5.23E-06 5.11E-06 5.01E-06 4.97E-06 
19 6.22E-06 6.17E-06 6.01E-06 5.91E-06 5.87E-06 
20 7.03E-06 6.98E-06 6.84E-06 6.76E-06 6.70E-06 
21 7.78E-06 7.75E-06 7.62E-06 7.55E-06 7.48E-06 
22 8.50E-06 8.47E-06 8.35E-06 8.28E-06 8.21E-06 
23 9.12E-06 9.10E-06 9.00E-06 8.92E-06 8.85E-06 
24 9.64E-06 9.64E-06 9.56E-06 9.48E-06 9.43E-06 
25 1.02E-05 1.02E-05 1.01E-05 9.98E-06 9.92E-06 
26 1.06E-05 1.06E-05 1.05E-05 1.04E-05 1.03E-05 
27 1.09E-05 1.09E-05 1.08E-05 1.07E-05 1.06E-05 
28 1.12E-05 1.12E-05 1.10E-05 1.09E-05 1.09E-05 
29 1.13E-05 1.13E-05 1.12E-05 1.11E-05 1.10E-05 
30 1.15E-05 1.14E-05 1.13E-05 1.12E-05 1.11E-05 
31 1.15E-05 1.14E-05 1.13E-05 1.11E-05 1.11E-05 
32 1.15E-05 1.13E-05 1.12E-05 1.11E-05 1.10E-05 
33 1.12E-05 1.11E-05 1.10E-05 1.08E-05 1.08E-05 
34 1.10E-05 1.08E-05 1.06E-05 1.05E-05 1.05E-05 
35 1.06E-05 1.04E-05 1.03E-05 1.02E-05 1.01E-05 
36 1.01E-05 9.97E-06 9.79E-06 9.68E-06 9.66E-06 
37 9.57E-06 9.42E-06 9.24E-06 9.13E-06 9.12E-06 
38 8.91E-06 8.76E-06 8.59E-06 8.50E-06 8.49E-06 
39 8.18E-06 8.05E-06 7.89E-06 7.80E-06 7.78E-06 
40 7.40E-06 7.28E-06 7.11E-06 7.03E-06 7.01E-06 
41 6.55E-06 6.38E-06 6.21E-06 6.15E-06 6.15E-06 
42 5.61E-06 5.45E-06 5.27E-06 5.24E-06 5.24E-06 
43 4.62E-06 4.45E-06 4.30E-06 4.25E-06 4.25E-06 
44 3.56E-06 3.42E-06 3.27E-06 3.21E-06 3.20E-06 
45 2.48E-06 2.33E-06 2.19E-06 2.11E-06 2.09E-06 
46 1.49E-06 1.19E-06 1.06E-06 9.91E-07 9.80E-07 
47 6.59E-07 4.02E-07 3.97E-07 5.77E-07 6.16E-07 
48 1.08E-06 1.36E-06 1.54E-06 1.70E-06 1.73E-06 
49 2.47E-06 2.64E-06 2.79E-06 2.94E-06 2.98E-06 
50 3.84E-06 3.99E-06 4.14E-06 4.27E-06 4.29E-06 
51 5.22E-06 5.35E-06 5.54E-06 5.65E-06 5.67E-06 
52 6.62E-06 6.74E-06 6.92E-06 7.03E-06 7.05E-06 
53 8.09E-06 8.19E-06 8.33E-06 8.44E-06 8.46E-06 
54 9.48E-06 9.61E-06 9.78E-06 9.91E-06 9.95E-06 
55 1.10E-05 1.11E-05 1.13E-05 1.14E-05 1.14E-05 
56 1.24E-05 1.26E-05 1.28E-05 1.29E-05 1.29E-05 
57 1.39E-05 1.40E-05 1.42E-05 1.44E-05 1.44E-05 
58 1.54E-05 1.54E-05 1.56E-05 1.58E-05 1.59E-05 
59 1.68E-05 1.69E-05 1.71E-05 1.73E-05 1.73E-05 
60 1.83E-05 1.84E-05 1.86E-05 1.87E-05 1.88E-05 
61 1.91E-05 1.92E-05 1.94E-05 1.95E-05 1.96E-05 
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Appendix C- Curvature Mode Shape Results Tabulated  
 
 
Table 3.7: Curvature magnitudes computed for the first mode for sample 1. 
Curvatures of Sample 1- Mode 1 
Pt L5 L4 L3 L2 L1 
1 -5.48E-05 -5.01E-05 -5.96E-05 -5.79E-05 -6.52588E-05 
2 -1.50E-05 -2.03E-05 -1.10E-05 -1.74E-05 -2.15711E-05 
3 7.60E-06 9.75E-06 5.58E-06 4.76E-06 2.15958E-06 
4 8.89E-07 -4.72E-07 -1.01E-05 -8.91E-06 -3.26127E-07 
5 6.11E-06 7.49E-06 1.11E-05 5.70E-06 8.57153E-08 
6 -8.93E-06 -5.02E-06 1.97E-06 5.74E-06 2.11816E-06 
7 8.25E-06 -1.40E-06 -3.19E-06 -6.83E-06 1.22117E-06 
8 3.00E-06 3.77E-06 -8.96E-06 -6.86E-07 -1.56069E-06 
9 4.05E-06 1.25E-05 2.21E-05 1.71E-05 1.48182E-05 
10 7.02E-06 6.52E-06 2.70E-06 4.30E-06 -4.12547E-06 
11 -3.94E-06 -8.44E-06 -9.61E-06 -8.52E-06 3.80142E-06 
12 5.53E-05 8.02E-05 1.38E-04 1.92E-04 0.000192155 
13 1.89E-04 1.67E-04 1.20E-04 6.15E-05 5.69042E-05 
14 -2.83E-06 -1.76E-06 -1.54E-05 -1.54E-05 -1.63116E-05 
15 -3.92E-06 -1.10E-05 -6.09E-06 -1.78E-06 -2.4401E-06 
16 -1.19E-05 -1.45E-05 -3.66E-06 -2.42E-06 4.1373E-06 
17 -2.02E-06 7.66E-06 -5.66E-06 -9.08E-06 -1.8519E-05 
18 -4.40E-06 -7.44E-06 3.76E-06 -7.23E-06 2.09381E-06 
19 -1.25E-05 -8.96E-06 -1.76E-05 9.25E-07 -8.86603E-06 
20 1.73E-06 -6.36E-06 2.78E-06 -8.34E-06 -2.52457E-06 
21 -1.78E-05 -1.01E-05 -2.43E-05 -1.71E-05 -1.83031E-05 
22 4.49E-07 -3.18E-06 4.43E-06 -7.31E-06 -2.80173E-06 
23 -1.02E-05 -7.81E-06 -1.11E-05 -4.08E-06 -8.45539E-06 
24 -9.68E-06 -1.26E-05 -9.17E-06 -7.88E-06 -7.71284E-06 
25 -9.29E-06 -8.55E-06 -9.16E-06 -9.24E-06 -8.94952E-06 
26 -9.71E-06 -8.90E-06 -7.33E-06 -6.97E-06 -3.84586E-06 
27 -8.76E-06 -9.23E-06 -1.09E-05 -1.00E-05 -7.88095E-06 
28 -8.60E-06 -1.01E-05 -1.04E-05 -1.10E-05 -9.97364E-06 
29 -6.34E-06 -7.34E-06 -6.83E-06 -6.95E-06 -1.11646E-05 
30 -8.96E-06 -1.03E-05 -1.48E-05 -1.20E-05 -1.33241E-05 
31 -9.93E-06 -1.29E-05 -9.74E-06 -1.36E-05 -1.13093E-05 
32 -1.35E-05 -4.09E-06 -5.80E-06 -1.72E-06 -8.45984E-06 
33 -1.19E-05 -2.15E-05 -1.07E-05 -1.75E-05 -1.04033E-05 
34 -9.82E-06 1.90E-06 -9.29E-06 7.90E-08 -9.11649E-06 
35 -1.99E-06 -1.49E-05 -4.62E-06 -1.88E-05 -9.54504E-06 
36 -1.60E-05 -1.15E-06 -1.14E-05 -9.08E-07 -8.56883E-06 
37 -1.39E-06 -8.73E-06 -1.49E-06 -1.13E-05 -7.56933E-06 
38 -1.20E-05 -8.91E-06 -1.59E-05 -9.70E-06 -9.41968E-06 
39 -8.76E-06 -1.12E-05 -7.84E-06 -7.52E-06 -7.91721E-06 
40 -8.48E-06 -8.31E-06 -7.31E-06 -3.19E-06 -7.81012E-06 
41 -7.14E-06 -7.69E-06 -4.38E-06 -8.86E-06 -3.1867E-06 
42 -6.76E-06 -6.89E-06 -1.59E-05 -1.51E-05 -1.72622E-05 
43 -7.06E-06 -6.96E-06 -2.92E-06 -8.18E-06 -3.4171E-06 
44 2.78E-05 2.32E-05 6.18E-06 3.85E-06 -2.07275E-06 
45 2.13E-04 2.18E-04 2.22E-04 1.86E-04 0.000148196 
46 2.41E-05 2.01E-05 3.72E-05 7.68E-05 0.000120441 
47 5.87E-06 1.28E-05 6.00E-06 8.77E-06 6.52733E-06 
48 3.31E-06 -1.10E-06 -4.32E-06 -4.35E-06 -2.26311E-06 
49 6.72E-06 7.39E-06 1.84E-05 1.62E-05 1.36628E-05 
50 -3.63E-06 4.10E-06 1.75E-06 8.45E-06 1.02413E-07 
51 7.62E-06 -4.65E-07 -1.97E-06 -8.93E-06 -1.14423E-06 
52 -3.87E-07 -3.01E-06 -2.99E-06 2.86E-07 3.72583E-06 
53 -4.60E-06 -5.39E-07 2.91E-06 8.54E-06 2.82495E-06 
54 5.10E-06 3.97E-06 1.56E-06 -3.90E-06 -8.12626E-07 
55 9.93E-06 7.44E-06 2.40E-06 1.81E-06 -9.47216E-06 
56 -1.11E-05 -8.99E-06 -3.55E-06 -8.89E-06 8.01494E-07 
57 9.86E-06 1.01E-05 8.16E-06 2.25E-05 1.09191E-05 
58 3.23E-07 -1.82E-05 -1.46E-05 -3.04E-05 -8.90549E-07 
59 -7.74E-05 -5.81E-05 -7.57E-05 -3.87E-05 -5.85902E-05 
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Table 3.8: Curvature magnitudes computed for the first mode for sample 3. 
Curvatures of Sample 3- Mode 1 
Pt L5 L4 L3 L2 L1 
1 -4.942E-05 -5.663E-05 -5.356E-05 -4.02E-05 -3.591E-05 
2 -1.475E-05 -1.38E-05 -1.03E-05 -4.124E-07 -3.255E-06 
3 1.135E-05 1.223E-05 9.219E-06 7.87E-06 -6.444E-06 
4 5.241E-06 -8.575E-06 -5.292E-06 -2.102E-05 -4.792E-06 
5 -1.128E-05 2.613E-06 -2.209E-06 1.377E-05 2.319E-06 
6 6.991E-06 -3.834E-07 8.319E-06 -5.064E-06 1.152E-05 
7 7.131E-06 1.432E-05 -7.64E-06 -1.388E-06 -2.595E-06 
8 1.941E-06 -8.639E-07 1.053E-05 9.821E-06 7.408E-06 
9 -1.121E-06 -7.51E-06 1.731E-06 4.932E-06 -8.669E-06 
10 -3.67E-06 -1.363E-06 8.547E-06 9.364E-06 7.718E-06 
11 1.294E-05 1.535E-05 5.278E-06 -2.201E-06 2.1E-05 
12 1.03E-05 8.295E-06 3.012E-05 9.202E-05 3.716E-05 
13 0.0001689 0.0002086 0.0002082 0.0001676 0.0002056 
14 5.275E-05 1.868E-05 -1.142E-05 -3.184E-05 -5.428E-06 
15 -2.314E-06 -1.019E-05 -1.057E-05 -1.094E-05 -2.837E-05 
16 -5.54E-06 2.026E-06 4.452E-06 5.056E-06 3.712E-07 
17 -5.133E-06 -9.768E-06 -2.912E-06 -4.647E-06 -7.808E-06 
18 -9.149E-06 -5.005E-06 -1.004E-05 -7.082E-06 -6.474E-06 
19 -4.794E-06 -8.898E-06 -5.714E-06 -5.87E-06 -5.864E-06 
20 -6.589E-06 -5.333E-06 -1.077E-05 -7.34E-06 -6.923E-06 
21 -4.695E-06 -1.065E-05 -5.986E-06 -8.464E-06 -8.03E-06 
22 -1.58E-05 -7.281E-06 -1.124E-05 -7.795E-06 -8.381E-06 
23 -8.683E-07 -2.622E-06 -1.583E-07 -7.084E-06 -7.19E-06 
24 -9.615E-06 -6.877E-06 -1.178E-05 -7.261E-06 -3.213E-06 
25 -6.938E-06 -1.15E-05 -7.696E-06 -1.297E-06 -4.348E-06 
26 -8.604E-06 -7.847E-06 -7.075E-06 -1.74E-05 -1.593E-05 
27 -9.21E-06 -1.136E-05 -1.434E-05 -1.052E-05 -1.545E-05 
28 -1.318E-05 -1.341E-05 -1.125E-05 -9.462E-06 5.908E-07 
29 -2.674E-06 -4.546E-06 -3.019E-06 -3.043E-06 -7.123E-06 
30 -6.801E-06 -1.418E-06 -9.257E-06 -9.687E-06 -1.177E-05 
31 -7.913E-06 -1.33E-05 -8.21E-06 -1.06E-05 -1.355E-05 
32 -1.61E-05 -8.776E-06 -6.217E-06 -3.226E-06 -4.583E-06 
33 -1.174E-05 -1.726E-05 -1.849E-05 -1.941E-05 -1.833E-05 
34 -5.81E-06 8.828E-07 5.241E-06 -2.573E-06 -2.53E-07 
35 -1.241E-05 -1.436E-05 -2.003E-05 -1.161E-05 -1.588E-05 
36 -1.683E-07 -3.367E-06 -8.516E-07 -7.705E-06 5.618E-07 
37 -1.167E-05 -9.698E-06 -1.629E-05 -9.81E-06 -1.593E-05 
38 -7.709E-06 -1.242E-05 -7.265E-06 -1.22E-05 -5.973E-06 
39 -1.305E-05 -9.64E-06 -9.976E-06 -3.712E-06 -6.629E-06 
40 -2.786E-06 3.233E-08 5.752E-07 -2.682E-06 -6.706E-06 
41 -9.187E-06 -1.082E-05 -1.185E-05 -1.373E-05 -9.12E-06 
42 -6.82E-06 -5.046E-06 -6.669E-06 2.849E-06 -4.187E-06 
43 -6.151E-06 -1.039E-05 -3.352E-06 -6.707E-06 -1.213E-06 
44 -3.411E-06 -1.527E-06 -7.652E-06 -1.494E-05 -1.542E-05 
45 0.0001233 0.0001204 0.0001007 4.972E-05 2.913E-05 
46 0.0001227 0.0001257 0.0001425 0.0001988 0.0002142 
47 2.182E-06 5.161E-06 1.56E-05 1.517E-05 2.009E-05 
48 6.96E-06 3.973E-06 -3.097E-06 -4.827E-07 9.097E-07 
49 8.064E-06 6.966E-06 4.97E-06 -2.272E-06 1.984E-07 
50 -3.947E-06 -1.957E-06 -2.034E-06 -1.376E-06 -3.366E-06 
51 5.877E-06 4.061E-06 1.269E-05 1.803E-05 1.602E-05 
52 3.925E-06 3.993E-06 1.07E-07 6.933E-07 -1.36E-07 
53 1.369E-06 2.819E-06 1.3E-06 -2.815E-06 -2.203E-06 
54 -2.124E-06 -2.325E-06 -1.064E-06 -7.335E-07 -1.563E-06 
55 9.252E-07 5.685E-06 6.253E-06 6.9E-06 7.892E-06 
56 7.301E-06 8.917E-08 -4.459E-07 -4.113E-06 -3.567E-06 
57 -6.108E-06 -1.449E-06 -7.034E-06 8.583E-07 -7.357E-07 
58 4.236E-06 -8.694E-06 -2.073E-06 -8.193E-06 -2.876E-06 
59 -6.478E-05 -5.025E-05 -5.956E-05 -4.714E-05 -5.552E-05 
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Table 3.9: Curvature magnitudes computed for the first mode for sample 7 
Curvatures of Sample 7- Mode 1 
Pt L5 L4 L3 L2 L1 
1 ‐5.7E‐05  ‐3.2E‐05 ‐4.4E‐05 ‐4.8E‐05 ‐6.6E‐05
2 ‐1.2E‐05  ‐3.6E‐05 ‐6E‐05 ‐2E‐05 3.36E‐08
3 ‐1.4E‐06  ‐2.5E‐05 ‐4.2E‐05 ‐2.8E‐05 4E‐06
4 ‐2.8E‐06  3.04E‐05 2.17E‐05 4.02E‐05 2.19E‐06
5 1.71E‐05  5.09E‐07 4.49E‐05 9.87E‐07 6.37E‐06
6 ‐1.3E‐05  ‐1E‐06 ‐1.8E‐05 6.01E‐07 ‐1.1E‐05
7 1.21E‐06  ‐1.3E‐05 1.58E‐06 ‐8.6E‐06 7.59E‐06
8 4.2E‐06  1.9E‐05 6.89E‐06 4.23E‐06 ‐1.7E‐06
9 5.39E‐06  1E‐05 4.98E‐06 8.13E‐06 3.49E‐06
10 1.2E‐05  ‐8E‐06 ‐2E‐06 ‐5E‐06 7.83E‐06
11 ‐9.1E‐06  1.22E‐06 ‐8.6E‐06 9.13E‐06 5.03E‐06
12 7.2E‐05  0.000101 0.000182 0.000222  0.000217
13 0.00016  0.000142 8.52E‐05 2.69E‐05 3.07E‐05
14 6.76E‐06  1.5E‐06 ‐1.9E‐05 ‐1.3E‐05 ‐1.8E‐05
15 1.51E‐06  ‐7.9E‐06 1.29E‐06 ‐1.1E‐05 1.55E‐06
16 ‐8.6E‐06  ‐4.1E‐06 ‐1.1E‐05 2.19E‐06 8.24E‐07
17 ‐7.5E‐07  ‐3.9E‐06 ‐1.1E‐06 7.92E‐07 ‐5.8E‐06
18 ‐8.4E‐06  ‐8.1E‐06 ‐8.6E‐06 ‐2.3E‐05 ‐2.5E‐05
19 ‐8.1E‐06  ‐4.9E‐06 ‐3.9E‐06 6.03E‐06 ‐3.3E‐06
20 ‐8E‐06  ‐9.8E‐06 ‐6E‐06 ‐7.6E‐06 3.23E‐06
21 ‐3.7E‐06  ‐2.2E‐06 ‐7.9E‐06 ‐8.8E‐06 ‐1.1E‐05
22 ‐8.9E‐06  ‐1.3E‐05 ‐1E‐05 ‐1E‐05 ‐8.6E‐06
23 ‐8.9E‐06  ‐6.3E‐06 ‐7.7E‐06 ‐7.8E‐06 ‐9.7E‐06
24 ‐9.2E‐06  ‐1.1E‐05 ‐9.8E‐06 ‐1.1E‐05 ‐1E‐05
25 ‐8.7E‐06  ‐6.4E‐06 ‐8.4E‐06 ‐6.5E‐06 ‐2.1E‐06
26 ‐7.6E‐06  ‐9.1E‐06 ‐9.4E‐06 ‐5.8E‐06 ‐5.8E‐06
27 ‐1E‐05  ‐9.2E‐06 ‐1.1E‐05 ‐1.4E‐05 ‐7.9E‐06
28 ‐8.8E‐06  ‐1E‐05 ‐8.7E‐06 ‐7.4E‐06 ‐8.7E‐06
29 ‐8E‐06  ‐6.2E‐06 ‐7.4E‐06 ‐5.5E‐06 ‐1.1E‐05
30 ‐5.7E‐06  ‐1.4E‐05 ‐9.8E‐06 ‐1.6E‐05 ‐1.7E‐05
31 ‐8.5E‐06  ‐1.8E‐06 ‐1.3E‐05 ‐4.2E‐06 ‐1.5E‐05
32 ‐1.6E‐05  ‐2.3E‐05 ‐1.8E‐05 ‐2E‐05 ‐5.4E‐06
33 ‐1.2E‐05  ‐4.7E‐06 ‐2.3E‐06 ‐6.9E‐06 ‐9.6E‐06
34 ‐9.6E‐06  9.17E‐07 9.21E‐06 ‐1E‐08 ‐9.3E‐06
35 ‐8.2E‐06  ‐1.5E‐05 ‐1.3E‐05 ‐1.5E‐05 ‐1E‐05
36 ‐8.9E‐06  ‐1.1E‐05 ‐1.9E‐05 ‐9.2E‐06 ‐7.9E‐06
37 ‐8.6E‐06  ‐8.2E‐06 ‐1.1E‐05 ‐1.1E‐05 ‐9.8E‐06
38 ‐8.4E‐06  ‐8.3E‐06 ‐8.6E‐06 ‐7.3E‐06 ‐9.3E‐06
39 ‐1E‐05  ‐1.1E‐05 ‐5.3E‐06 ‐8.1E‐06 ‐7.9E‐06
40 ‐9.5E‐06  ‐7E‐06 ‐8.4E‐06 ‐5.4E‐06 ‐9.3E‐06
41 ‐2.7E‐06  ‐5.8E‐06 ‐8E‐06 ‐1.2E‐05 ‐5.7E‐06
42 ‐5.7E‐06  ‐5.1E‐06 ‐8E‐06 ‐3.8E‐06 ‐5.2E‐06
43 ‐5.2E‐06  ‐6.1E‐06 ‐5.8E‐06 ‐8.6E‐06 ‐8.3E‐06
44 1.49E‐05  1.28E‐05 4.04E‐06 ‐1E‐06 ‐5.7E‐06
45 0.000154  0.000153 0.000132 7.8E‐05 2.92E‐05
46 7.96E‐05  8.5E‐05 0.000121 0.000182  0.000236
47 9.05E‐06  9.31E‐06 9.72E‐06 1.35E‐05 1.09E‐05
48 8.78E‐06  7.37E‐06 5.23E‐06 1.62E‐06 4.47E‐06
49 5.29E‐06  5.92E‐06 2.55E‐06 3.49E‐06 6.33E‐07
50 3.05E‐06  1.61E‐06 2.07E‐06 ‐1.4E‐06 2.08E‐06
51 5.6E‐06  6.33E‐06 4.38E‐06 4.01E‐06 1.72E‐06
52 ‐4.1E‐06  ‐2.9E‐06 1.19E‐06 5.5E‐06 7.45E‐06
53 3.79E‐06  1.75E‐06 1.37E‐06 ‐4E‐07 2.15E‐06
54 3.62E‐06  4.93E‐06 2.15E‐06 2.92E‐06 ‐1.8E‐06
55 2.76E‐06  3.55E‐06 7.51E‐06 3.8E‐06 3.03E‐06
56 ‐8.7E‐06  ‐9.6E‐06 ‐8.3E‐06 2.24E‐07 2.68E‐07
57 3.38E‐06  3.22E‐06 9.29E‐07 ‐3.1E‐06 ‐1.4E‐06
58 ‐3E‐06  ‐1.2E‐05 ‐1.3E‐05 ‐1.6E‐05 ‐1.4E‐05
59 ‐9.4E‐05  ‐8.8E‐05 ‐0.0001 ‐9.6E‐05 ‐9.6E‐05
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Table 3.10: Curvature magnitudes computed for the first mode for sample 8 
Curvatures of Sample 8- Mode 1  
Pt L5 L4 L3 L2 L1 
1 ‐8.2E‐05  ‐6.3E‐05 ‐6.9E‐05 ‐5.7E‐05  ‐6.1E‐05
2 1.76E‐05  1.03E‐05 1.47E‐05 ‐5.9E‐06  ‐1.1E‐05
3 ‐1E‐05  6.58E‐06 ‐1.1E‐05 4.32E‐06  6.38E‐06
4 ‐1.7E‐06  ‐1.6E‐05 ‐1.6E‐06 ‐6.1E‐06  8.4E‐06
5 ‐3.1E‐07  3.52E‐06 ‐9.2E‐07 3.77E‐06  ‐7.6E‐06
6 1.14E‐05  7.76E‐06 4.14E‐06 ‐1.6E‐05  ‐2E‐05
7 4.94E‐06  2.87E‐06 6.82E‐06 2.34E‐05  1.53E‐05
8 ‐6E‐07  4.49E‐06 5.19E‐06 6.46E‐06  1.81E‐05
9 2.84E‐06  3.01E‐06 1.81E‐06 ‐5.1E‐07  4.81E‐08
10 2.91E‐05  1.64E‐06 2.11E‐05 ‐2.9E‐06  ‐1.1E‐06
11 8.02E‐06  5.08E‐05 7.64E‐06 2.98E‐05  4.97E‐06
12 6.84E‐05  8.72E‐05 0.00011 0.000181  0.000231
13 0.000175  0.000118 0.000147 5.65E‐05  2.66E‐05
14 ‐2.1E‐05  1.32E‐06 ‐2.2E‐05 2.01E‐06  4.58E‐06
15 ‐3E‐06  ‐5.1E‐06 ‐8.1E‐06 ‐1E‐05 ‐1E‐05
16 ‐7E‐06  ‐6.3E‐06 ‐8.6E‐06 ‐8.6E‐06  ‐8.2E‐06
17 ‐7.5E‐06  ‐8.4E‐06 ‐5.7E‐06 ‐3.7E‐06  ‐3.7E‐06
18 ‐7.7E‐06  ‐5.3E‐06 ‐8.9E‐06 ‐1.4E‐05  ‐1.6E‐05
19 ‐5.5E‐06  ‐6E‐06 ‐5.4E‐06 ‐5E‐06 ‐6.2E‐06
20 ‐6E‐06  ‐7.6E‐06 ‐5.4E‐06 ‐4.2E‐06  ‐2.7E‐06
21 ‐9.7E‐06  ‐1E‐05 ‐9.5E‐06 ‐1.2E‐05  ‐1.3E‐05
22 ‐7.4E‐06  ‐7.7E‐06 ‐9E‐06 ‐9.6E‐06  ‐9.7E‐06
23 ‐9.9E‐06  ‐8.3E‐06 ‐7.1E‐06 ‐1.6E‐06  5.53E‐07
24 ‐1.3E‐05  ‐1.3E‐05 ‐1.2E‐05 ‐1.1E‐05  ‐1.1E‐05
25 ‐5.7E‐06  ‐5.9E‐06 ‐9.4E‐06 ‐1.2E‐05  ‐1.3E‐05
26 ‐6E‐06  ‐9E‐06 ‐5.8E‐06 ‐6.8E‐06  ‐5.6E‐06
27 ‐1.1E‐05  ‐1E‐05 ‐1.2E‐05 ‐1.1E‐05  ‐1.1E‐05
28 ‐1E‐05  ‐1.1E‐05 ‐8.7E‐06 ‐8E‐06 ‐3.6E‐06
29 ‐8.3E‐06  ‐7.7E‐06 ‐8.9E‐06 ‐7.2E‐06  ‐8.5E‐06
30 ‐9.2E‐06  ‐8.7E‐06 ‐8E‐06 ‐1.1E‐05  ‐1.3E‐05
31 ‐1.3E‐05  ‐1.5E‐05 ‐1.6E‐05 ‐1.7E‐05  ‐1.6E‐05
32 ‐1E‐05  ‐9.3E‐06 ‐9.2E‐06 ‐9E‐06 ‐9.5E‐06
33 ‐1E‐05  ‐9.5E‐06 ‐8.9E‐06 ‐9.4E‐06  ‐1E‐05
34 ‐9.1E‐06  ‐9.6E‐06 ‐1E‐05 ‐6.6E‐06  ‐8.7E‐06
35 ‐7.8E‐06  ‐8.7E‐06 ‐9.4E‐06 ‐1.1E‐05  ‐7.6E‐06
36 ‐9.3E‐06  ‐9E‐06 ‐1.1E‐05 ‐1.2E‐05  ‐1.4E‐05
37 ‐9.1E‐06  ‐7.7E‐06 ‐5E‐06 ‐7.1E‐06  ‐7.5E‐06
38 ‐7.8E‐06  ‐8.3E‐06 ‐9.8E‐06 ‐6.4E‐06  ‐5.6E‐06
39 ‐9.5E‐06  ‐1.2E‐05 ‐1.3E‐05 ‐1.3E‐05  ‐8.3E‐06
40 ‐5.5E‐06  ‐2.8E‐06 ‐4.2E‐06 ‐5E‐06 ‐9.7E‐06
41 ‐8.2E‐06  ‐8.6E‐06 ‐2.8E‐06 ‐7.1E‐06  ‐6E‐06
42 ‐8.2E‐06  ‐6.7E‐06 ‐7.4E‐06 ‐3.4E‐06  ‐6.9E‐06
43 ‐5.4E‐06  ‐6.6E‐06 ‐5.3E‐06 ‐6.9E‐06  ‐3.7E‐06
44 ‐6.1E‐07  ‐1.4E‐06 ‐6.1E‐06 ‐5.7E‐06  1.1E‐05
45 8.35E‐05  7.85E‐05 5.24E‐05 3.96E‐05  1.84E‐05
46 0.000166  0.000172 0.000202 0.000195  0.000139
47 1.44E‐05  1.18E‐05 1.3E‐05 3.6E‐05 0.000109
48 8.07E‐06  1.06E‐05 1.03E‐05 8.6E‐06 ‐2.8E‐06
49 6.35E‐06  6.73E‐06 4.81E‐06 1.97E‐07  1.24E‐06
50 8.54E‐07  ‐1.3E‐06 ‐1.2E‐06 4.57E‐06  3.48E‐06
51 3.43E‐06  3.85E‐06 3.93E‐06 5.73E‐06  5.79E‐06
52 8.12E‐06  6.08E‐06 4.03E‐06 ‐2.7E‐06  ‐7.5E‐06
53 ‐1.6E‐06  4.96E‐06 1.02E‐05 8.56E‐06  9.17E‐06
54 3.43E‐07  ‐4E‐06 ‐7.8E‐06 ‐3.1E‐06  ‐1.6E‐07
55 2.08E‐06  ‐1.3E‐06 ‐6.6E‐06 ‐7.5E‐06  2.24E‐08
56 ‐1.5E‐06  1.19E‐06 2.28E‐06 4.68E‐06  ‐7.5E‐07
57 ‐2.9E‐06  ‐1.4E‐06 6.54E‐06 4.55E‐06  5.48E‐07
58 ‐1.5E‐06  ‐3.8E‐06 ‐1.4E‐06 1.01E‐06  ‐1.9E‐06
59 ‐1E‐04  ‐0.00011 ‐0.00013 ‐0.00012  ‐0.00011
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